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ABSTRACT 
 
Lithium ion battery (LIB) technologies have been developed dramatically for 
decades. The worldwide LIB product amount is growing rapidly to provide 
electrochemical energy sources for various electronic devices and electric vehicles. 
However, in many countries, huge amount of spent LIBs are being landfilled after 
usage every year. All the valuable metal elements in spent LIBs such as lithium, 
nickel, cobalt, manganese and copper are lost during landfilled process. Also, 
landfilling batteries is not an environmentally friendly solution for battery waste 
disposal – the lithium salts in electrolytes react with water in the nature system and 
one of the outcome product is hydrofluoric acid, which is extremely toxic to human 
health. An economic and efficient LIB recycling process is highly desired.    
Motivated by the facts mentioned above, a “mixed cathodes” LIB recycling 
process was first proposed and developed in the Electrochemical Energy Laboratory 
at Worcester Polytechnic Institute. This process can efficiently and economically 
recover all the valuable metal elements in LIB waste. In the end of the recovery 
process, lithium, nickel, manganese, and cobalt ions will be recovered in the leaching 
solution. The objective of this work is to utilize the leaching solution to synthesis 
NixMnyCoz(OH)2 precursors and their corresponding LiNixMnyCozO2 cathode 
materials. The synthesized cathode materials can be used to build new LIBs, allowing 
the overall process to be a “closed loop”.  
NixMnyCoz(OH)2 precursors were synthesized by a co precipitation process. The 
particles are showing spherical and uniform morphologies. And such morphologies 
were remained in the sintered cathode materials. To evaluate the electrochemical 
properties of synthesized LiNixMnyCozO2 cathodes, specific rate capacities of C/10, 
C/5, C/3, C/2, C and 2C were tested. All the synthesized cathode materials can 
perform a higher than 155 mAh/g discharge capacity at 0.1C rate. In the cycle life test, 
the capacity retention is still higher than 80% after 100 cycles. After the precursors 
and cathode materials were successfully synthesized, the effect of copper impurity to 
the crystal and electrochemical properties of LiNi1/3Mn1/3Co1/3O2 was studied. It was 
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found that compared to pure LiNi1/3Mn1/3Co1/3O2 (NMC), the LiNi1/3Mn1/3Co1/3O2 with 
copper impurity (NMC-Cu) do have a better capacity retention. This is also confirmed 
by the X-ray diffraction refinement results. After cycling, the lattice parameters of 
NMC experienced a significant change, but that of NMC-Cu only had a minor change, 
indicating a better structure stability property.   
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EXECUTIVE SUMMARY 
 
Introduction 
    The worldwide lithium ion battery (LIB) product amount is growing rapidly to 
provide electrochemical energy sources for various electronic devices and electric 
vehicles (EV). The rapid growth of EVs in recent years indicates the increasing 
demand of LIBs. However, as a type of rechargeable batteries, LIB only has a life 
time of 3-5 years.  In many countries, huge amount of spent LIBs will be landfilled 
after usage every year. It should be pointed out that in LIBs, over 60 wt.% is 
constituted of valuable metal elements such as lithium, nickel, cobalt, manganese and 
copper, all of them are lost during landfilled process. Other than that, the salt in 
electrolyte of LIB will react with water and the outcome product is hydrofluoric acid 
which is a potential harm to human health. From either economic or environment 
point of view, recycling of lithium ion batteries has become mandatory.  
    In industry, most of the LIB recycling process is pyrometallurgical process, 
which doesn’t require a battery sorting step but is extremely high energy cost. In 
academia, most of the LIB recycling processes developed and reported is 
hydrometallurgical process because it is less energy consumption. However, a battery 
sorting step is needed and only one or two metal elements are being recovered. An 
ideal lithium ion battery recycling process should be low cost, high efficiency, 
avoiding battery sorting, and all the metal values should be recovered.   
Motivated by the facts discussed above, a “mixed cathodes” LIB recovery 
process highlighting low cost and high efficiency was first proposed by Prof. Wang’s 
group at Worcester Polytechnic Institute. This process avoids battery sorting step, and 
not only focus on the expensive metal elements such as cobalt and nickel, but also 
recovering all the metal elements involved in LIBs. With the aims of achieving a 
“closed loop” recovery process and examine the final product quality, diverse 
LiNixMnyCozO2 (NMC) cathodes were synthesized from recovered materials in this 
thesis project. Further more, because the NMC precursors and their corresponding 
cathodes will be synthesized from recovered materials, it is crucial to understand how 
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the impurity would effect to the final product properties. Aluminum, iron and copper 
are the impurities during the LIB recycling process, and copper is difficult to be 
completely removed without sacrificing nickel, manganese and cobalt recovery 
efficiency. Therefore, after the NMC cathodes were synthesized, the impurity effect of 
copper element was studied.   
 
Objectives 
    The main objective of this thesis project is to complete the LIBs recovery 
process developed in CR3 center of Worcester Polytechnic Institute. First of all, a low 
cost and high efficiency LIB recovery process was developed and 90% of metal 
values could be recovered. Secondly, aiming to build a “closed-loop” LIB recovery 
process, the recovered materials were supposed to be utilized to synthesize diverse 
NMC cathodes. In the end, fundamental study of impurity effect to NMC cathode 
needed to be carried out to understand the activity of copper element in the NMC 
cathode material. So the objectives of this project include: 
I.! Develop a LIBs recovery process highlighting “mixed cathodes” and 
“closed loop”. In this process, the metal values in spent LIBs will be 
recovered in a low cost and high efficient manner.  
II.! Synthesize LiNi1/3Mn1/3Co1/3O2 cathode material with recovered metal 
values. High performance LiNi1/3Mn1/3Co1/3O2 cathode will be achieved 
and its properties will be evaluated. By synthesizing LiNi1/3Mn1/3Co1/3O2, a 
“closed loop” process is established.  
III.! Synthesize diverse NMC precursors and cathode materials with recovered 
metal values such as nickel, cobalt and manganese. High quality NMC 
cathode material will be the final product of the recovery process, proving 
that the recovery process can be flexibly controlled and diverse products 
can be obtained.  
IV.! Study the effect of copper impurity to the NMC cathode properties. 
Copper is from the anode current collector of LIB. The electrochemical 
property and crystal structure change will be examined and compared 
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between pure NMC and NMC with copper impurity.   
  
Methodology 
    In Phase I, a low cost and high efficient LIB recovery process was developed. 
First of all, the spent lithium ion batteries were collected and went through a series of 
pre-treatment including discharging, shredding, sieving and grinding. Different 
components of LIBs could be separated by density difference. The cathode powder 
which is the most valuable part of the battery was obtained and leached into solution. 
Iron, aluminum and copper impurities were removed from leaching solution by 
adjusting the pH values. In the end, a leaching solution with lithium, nickel, 
manganese, and cobalt ions in it was ready for next step – NMC cathode materials 
synthesis. The LIB recovery process is introduced in detail in Chapter 2.   
    In Phase II, the overall lithium ion battery recovery process was continued by 
investigating the synthesis of LiNi1/3Mn1/3Co1/3O2 cathode materials using the 
recovered leaching solution. LiNi1/3Mn1/3Co1/3O2 was chosen to be the first product 
that being studied and synthesized. In the next steps, LiNixMnyCozO2 with different 
Ni:Mn:Co molar ratios were achieved as well. First of all, Ni1/3Mn1/3Co1/3(OH)2 
precursor was obtained by a co-precipitation process, then the synthesized precursor 
powder was mixed with Li2CO3 and sintered to obtain the cathode product. The 
cathode materials were used as the active materials in the electrode and tested in 
lithium ion battery half cells to evaluate its electrochemical performance.  
    In Phase III, diverse NMC cathode were synthesized using the similar process of 
LiNi1/3Mn1/3Co1/3O2. The molar ratio of metal elements were adjusted to obtain 
corresponding NMC products. The pH values of co-precipitation process had to be 
adjusted for different molar ratio reactions.  
    In Phase IV, the impurity effect of copper to the properties of LiNi1/3Mn1/3Co1/3O2 
were studied. 0%, 2.5%, 5% (atomic percent) CuSO4 were added to the starting 
solutions and the NMC cathode including copper impurities were synthesized and 
compared.   
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Conclusions 
    A low cost and high efficiency lithium ion battery recovery process was 
developed and high performance diverse NMC cathode materials could be 
synthesized from the recovered materials. All the NMC cathodes can perform high 
specific rate capacities that no less than 155mAh/g at 0.1C and good capacity 
retentions, indicating that the leaching stream of our lithium ion battery recycling 
process is qualified as starting materials for new cathode synthesis. A “closed loop” 
battery recycling process was established.  
    After the NMC cathode materials were synthesized, the effect of copper impurity 
was well studied. It was found that copper will affect the particle size of NMC 
precursors during co-precipitation process. The existence of copper could reduce the 
specific rate performance but improve the cycle life of NMC cathode.  
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1! INTRODUCTION 
Fossil fuel has served as main energy resource for human civilization 
development for centuries. However, the limitations of non-renewable fossil fuel have 
been universally recognized for social stability threat, environment pollution, and 
globally climate change. Scientists have been seeking its alternatives such as wind [1], 
solar [2], wave [3], and nuclear [4]. Each technology has its own operational 
characteristics. Renewable energy resources such as wind, solar and wave are 
restricted by locations and uncontrollable climate conditions. Nuclear energy is not 
suitable for consumer electronics and has its particular disposal issues. 
Electrochemical energy storage systems can transfer chemical energy into 
electrochemical energy and that energy can be stored and released on demand, which 
can be the ideal energy resources for consumer electronics and electric vehicles.  
 
 
Figure 1. Rechargeable batteries specific energies and specific power. 
.   
Various electrochemical energy storage systems such as lead acid batteries, 
nickel metal hydride batteries and lithium compound batteries have been developed 
extensively [5, 6, 7]. Among all these battery types, the market size of LIBs is 
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increasing year by year because of their high energy density (Figure 1) and longer 
lifetime. Since the first generation of commercialized LIB entered battery market in 
1991, the amount of LIB products has been increasing year by year significantly. The 
demand of lithium ion cells has been predicted to reach 300 billions dollars by 2025 
(Figure 2) [8]. The worldwide demand of LIBs comes from the rapid growth of 
consumer electronics and electric vehicles (EV). Considering the high and low 
estimates, it is predicted that in the year of 2020, 0.33 million to 4 million metric tons 
of LIBs waste will be generated from EV industry (Figure 3) [9]. However, most of 
the LIB wastes are being landfilled instead of being recycled in US and other 
countries. From environment point of view, it is a potential harm to public health. 
From economic point of view, a lot of valuable metal elements are wasted during this 
landfilling process. Therefore, low cost and high efficiency LIB waste disposal and 
recovery systems should be established.  
 
 
 
Figure 2. Actual demand and forecast for lithium ion batteries and cells.   
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Figure 3. Mass of lithium ion cells in EV battery waste stream. 
 
    With the passion of developing a novel “closed loop” LIB recovery system, our 
research group at Worcester Polytechnic Institute investigates and studies the methods 
of recycling LIBs [10, 11, 12]. In the end of the recovery process, the metal values 
were leached into the recovery stream, but their values won’t be achieved until they 
are transferred to real products. To prove the recycled leaching solution is qualified 
for new product synthesis and to raise the profit of the overall process, it is very 
important to obtain high performance precursors and cathode materials using the 
recovery stream. This thesis project is aiming to complete the overall recovery 
process by synthesizing new products with leaching stream of previously developed 
recovery process.  
This chapter consists of three parts: introduction of basic working principles of 
LIB, the LIB waste treatments discussion, and research plans and objectives of this 
thesis project. 
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1.1! Lithium ion battery technologies 
1.1.1! Lithium ion battery components 
    Normally, a lithium ion battery (LIB) consists of four main parts: cathode, anode, 
separator and electrolyte. Active cathode and anode materials will be casted onto 
aluminum and copper current collector foils, respectively. In order to prevent short 
circuit and provide traveling channels for lithium ions, there will be separators 
between cathode and anode sheets. And these functional components will be safely 
wrapped and sealed by battery casings. Figure 4 is showing a 3D look of a typical 
cylindrical LIB [13].   
 
 
Figure 4. 3D structure of a cylindrical shape LIB. 
 
    In commercial LIBs, usually the most valuable part of the cell is cathode 
material, because expensive metal elements such as cobalt and nickel are the main 
input of most LIBs (Table 1) [14]. Suitable lithium compound cathode for LIBs should 
have the stable crystal structure to achieve intercalation – deintercalation reactions.  
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Table 1. Various types of LIB cathode compounds. 
 
 
The first commercialized cathode material is LiCoO2 [15], which is also the most 
commonly used cathode for LIB for a long time. However, cobalt is less available and 
more expensive compared to other transition metal candidates. In addition, LiCoO2 
could cause capacity degradation when being over charged [16]. LiNiO2, who has the 
same crystal structure with LiCoO2 (α- NaFeO2) but lower cost, offers higher energy 
density [17]. The shortage of LiNiO2 is the Li/Ni disorder problem [18], some of the 
nickel atoms occupy lithium sites, which prevents the free moving of lithium ions 
during lithiation and delithiation steps. LiMn2O4 can perform a better cycle life 
compared to LiNiO2 and LiCoO2, but its specific energy is relatively low [19]. Various 
lithium compounds cathodes with different transition metal compositions were 
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synthesized to meet different needs in reality usage, e.g., LiNixCoyO2, LiNixMnyO2, 
LiNixMnyCozO2 and LiNixCoyAlzO2, etc [20, 21, 22]. LiFeO4 is another important 
cathode material because of its stable cycle life and safety, but the cutoff voltage for 
this material is relatively low compared to others, which outcomes lower specific 
capacity and energy density [23]. To improve the electrochemical property, various 
modifications to the cathode materials, such as carbon coating and doping, have been 
researched [24, 25].  
Ideal anode materials for LIBs should have stable structure and chemical 
property, lightweight, lower potential, and most importantly, should be able to 
accommodate large amount of lithium ions during charging step. Commercialized 
anode on the market is graphite powder, which can provide a 372mAh/g specific 
capacity. Many alternatives of graphite have been explored extensively but 
unfortunately the future picture is still not quite clear.  
Lithium metal and lithium alloys were well examined to serve as anode materials 
because it has the lowest potential related to cathode materials, but lithium corrosion 
and dendrite formation appeared to be a big issue for poor cycle life, and the 
morphological changes of lithium alloy during charging is another drawback [26]. 
Silicon has been an attractive anode material for years because of its super high 
theoretical capacity – 4200mAh/g. But the volume extension effect is a serious issue 
that impedes it from achieving long cycle life and being commercialized [27, 28]. 
Another promising candidate group is oxides of transition metals. TiO2 has caught the 
most attentions, especially TiO2 anodes in nano size structures were extensively 
studied [29]. It has been reported that when TiO2 particle size was decreased to nano 
scale, it shows more reactivity with Li [30].    
Besides cathode materials and anode materials, there are electrolyte, separators, 
current collectors and battery casings. The current collectors are aluminum foil and 
copper foil for cathode end and anode end, respectively. The battery casings are 
usually made of steel or aluminum to make sure the inside components of the battery 
can be well protected. Normally, electrolytes include liquid electrolyte, polymer gel 
electrolyte and solid electrolyte, and the latter two electrolytes were developed due to 
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safety issues of liquid electrolytes.        
1.1.2! Working principles of LIBs 
The working mechanism of LIBs is a process of lithium ions undergoing 
intercalation – deintercalation reactions with cathode and anode. But it took more than 
half a century to finally get to today’s ideal LIB model. First of all, insertion of 
lithium into graphite via a chemical route was proposed since 1955 [31]. And then at 
the Electrochemical Society Fall meeting in Boston in 1962, there was a presentation 
entitled “Lithium Nonaqueous Secondary Batteries” [32], aiming to produce a high 
energy density and long cycle life battery to increase the mission lifetime of satellites, 
which has become a reality after 40 years. In the early days of LIB development 
research, many difficulties were overcome. In the mid-eighties, the major 
breakthrough was made in the history of LIB development, the property of disordered 
carbon to insert lithium with a stable layer [33] and can associate with high voltage 
LiCoO2 cathode [34] was discovered, which led this system to be successfully 
commercialized. 
Taking this classic LiCoO2 – graphite charge and discharge system as an example 
- as showed in Figure 5, during charging step, when the voltage is applied to the 
system, the electrons are forced to leave cathode site and move to anode site through 
the external circuit, the lithium ions travel from LiCoO2 to graphite through internal 
circuit (electrolyte and separators), and embed into the layer structure of graphite, 
some of the cobalt ions will be oxidized from 3+ to 4+. During discharge process, the 
lithium ions go back to the lattice structure of cathode material from anode side and 
the cobalt ions are reduced from 4+ to 3+ [35].  
    The charging voltage of different cathode materials slightly varies depending on 
the ability of releasing and accommodating lithium ions. For example, when using 
LiCoO2 as cathode, to stabilize the original crystal structure of cathode lattice, no 
more than 50% of the lithium ions will be charged to anode. Higher capacity can be 
achieved by charging the battery to higher voltage, but this will sacrifice the cycle life 
performance due to unstable crystal structure and side reaction of electrolyte at high 
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voltage.       
  
 
 
Figure 5. Working mechanism of LIB. 
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1.2! Lithium ion battery market and battery waste treatments  
1.2.1! Lithium ion battery market trend and economic analysis of battery 
components 
Several agencies predicted the global diffusion of electric vehicles in the future. 
Based on different simulation parameters, the predicted amounts vary significantly. 
The number of EVs sales in 2020 predicted for US is in a range of 0.45 million to 4 
million (Figure 6-a), and 5.2 million to 19.8 million for international sales (Figure 6-b) 
[12]. This rapid growth of EVs indicates the increasing demand of LIBs.   
 
 
 
Figure 6 (a) EV sales forecast – 2020 (U.S.); (b) EV sales forecast – 2020 (Global).!
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Based on the market occupation of different cathode materials (Table 2), the cost 
breakdown of 1 ton LIBs were calculated and showed in Figure 7 [36]. Over 30% of 
the cost is from LiCoO2 because it contains the most expensive metal element cobalt, 
the value of this material is up to $2936 in 1 ton of LIBs. LiNi1/3Mn1/3Co1/3O2 costs 
about $1684 and is second valuable because of the higher prices of cobalt and nickel. 
LiMn2O4, LiNiO2 and copper current collector are also costly. It can be revealed that 
when developing a LIB recovery process, cobalt, nickel, manganese and copper 
elements should be set as recovering target.  
 
Table 2. Word market size with different cathode materials. 
 
 
 
 
Figure 7. Cost breakdown of 1 ton LIBs 
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 Since the discussion comes to the cost of LIBs, a question should be answered – 
what is the profit or loss of recycling large amount LIBs? In Table 8 and Table 9, the 
value of recovered materials and chemical cost of recycling 1 ton LIBs were roughly 
calculated [10]. In this calculation model, the recovery efficiency was expected to be 
around 90% according to the experiment results. Therefore in 1 ton of LIBs, 249.99 
kg of steel (battery casings), 62 kg of copper (current collectors), 220 kg of cathode 
materials and 121 kg of sodium aluminate (recycling reagent) will be recovered. 
Based on the market price per pound, the total value of recovered materials is $6432. 
In this recycling process, NaOH was used to recover aluminum current collectors, 
H2SO4 and H2O2 are the leaching reagents for cathode materials. MSO4.xH2O (M=Ni 
and Mn) salts were added to the leaching solution to adjust the molar ratio of 
Co:Mn:Ni. Li2CO3 was mixed with synthesized precursors to synthesize cathode 
materials. The calculated cost of chemicals is only around $1400 for recycling 1 ton 
spent LIBs, outcomes a margin of around $5000 [10].    
The calculation discussed above is just an estimate based on a laboratory LIB 
recycling process, more accurate cost and profit of handling LIB waste flows vary by 
a lot of parameters such as the raw materials market prices, labor fees, and battery 
waste loading rate, etc. In any case, according to Figure 6, the burst of EV production 
is not only indicating the huge demand of LIBs, it is also representing a potential huge 
amount of LIB wastes in the future. Handling LIB waste flows in a proper way 
provides possibilities for both environment and economy improvement.  
1.2.2! Spent LIB recycling routines  
    Currently, the concept of “lithium ion battery recycling” is not well recognized in 
many countries. But the potential environment issues and the market size have caught 
many attentions in both academia and industry. It is common that lithium, cobalt, 
manganese, and nickel elements are main inputs of LIB cathode materials. Besides 
that, there are anode materials, casings, separators, electrolytes and current collectors 
(copper and aluminum foils). The weight percent of these components are shown in 
  16 
Table 3 [37]. Around 60% weight percent of the materials in LIBs are valuable enough 
for being recovered.  
 
Table 3. LIB components by weight percent. 
 
 
For recycling LIBs, hydrometallurgical process and pyrometallurgical process 
are two major methods that have been well developed in past 15 years. Industrially, 
Umicore, Recupyl Battery Solutions, and Retriev Technologies do recycle LIBs. Only 
cobalt and nickel will be recovered via hydrometallurgical or pyrometallurgical 
processes, or the combination of them [38, 39]. In pyrometallurgical processes, the 
metal elements containing battery scraps will be exposed in a high temperature 
environment. Plastic, graphite anode and organic solvents will serve as reducing 
agents or energy providers for the fuelling process, the metal containing fraction 
produced will be in either molten or a solid state depending on the temperatures 
applied during the process [40].   
Most of the LIB recycling processes developed and reported in academia is 
hydrometallurgical process because it is less energy consumption. In earlier research 
reports, LiCoO2 was the only material considered to be worth recycling because 
LiCoO2 was dominating the LIB cathode market during that time and market price of 
cobalt is relatively high. A laboratory-scale LIB recycling process was reported in 
2001 [41], in which the active materials were soaked in N-Methyl-2-pyrrolidone 
(NMP) to separate the cathode materials with other components, then LiCoO2 was 
dissolved in HCl acid to recover cobalt. Another LIB recycling process focus on 
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LiCoO2 was proposed in 2005 [42]. In this recycling process, organic solvent wasn't 
involved, the cathode material was collected by repeating the mechanical treatment, 
and LiCoO2 was leached by H2SO4 and H2O2. There was also a report combining both 
hydrometallurgical and pyrometallurgical processes together to treat the spent LIBs 
[43], in which the batteries went through a series of thermal treatments to collect the 
active materials and burn out the carbon and plastics, and nitric acid was utilized to do 
the leaching. In the LIB recycling processes, cobalt element in LiCoO2 was recovered 
by acid leaching, and followed by precipitation or solvent extraction [44], but 
different acids and organic solvents have been attempted in different reports. Besides 
acid leaching processes, there were bioleaching process (lithium and cobalt recovery) 
[45] and electrochemical process (cobalt and nickel recovery) [46].  
In order to reduce cost of LIBs and to achieve other performance characteristics, 
diverse cathode materials involving various metal elements have been developed and 
entered LIB market, including LiNi1/3Mn1/3Co1/3O2, LiNiO2, LiMn2O4 and LiFePO4. 
This composition change of cathode market influenced the LIB recycling process 
requirements. A recovery process of various metal values from the cathode active 
materials of LIBs was reported in 2009 [47], in which they claimed that cobalt, nickel 
and manganese were separated one from another. The manganese element was 
recovered as MnO2 and manganese hydroxide by reacting with KMnO4. Nickel and 
cobalt were separated by solvent extraction.    
A low cost and high efficiency “mixed cathodes” LIB process was first proposed 
by Prof. Wang’s group at Worcester Polytechnic Institute[10, 11]. This process avoids 
utilizing expensive solvent extraction steps to separate metal elements, and not only 
focus on the expensive metal elements such as cobalt and nickel, but also recovering 
all the metal elements involved in LIBs. In the first generation LIB recycling process 
[11], the commercial cathode powder mixtures of LiCoO2, LiNi1/3Mn1/3Co1/3O2, 
LiMn2O4 and LiFePO4 were utilized to simulate the cathode composition in the spent 
LIBs. The power was leached by H2SO4 and H2O2, then Fe element was removed at a 
pH value of 3. Ni, Mn, and Co will be remained in the solution for next step – 
precursor synthesis. The second generation recycling process starts from real LIBs 
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[10]. First of all, spent LIBs were collected and discharged to release the remaining 
capacity for safety consideration. Then the batteries went through a mechanical 
treatment step includes shredding, sieving, grinding. Aluminum current collector was 
separated by reacting with NaOH solution. Carbon and plastics were removed by 
density separation. Stainless steel casings were separated by magnet. Different 
impurity elements were removed by adjusting the pH values of leaching solutions. 
The recovery efficiencies of Li, Ni, Mn and Co were around 90%. The overall 
recovery process will be discussed extensively in chapter 2.  
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1.3! Research plan and objectives 
As mentioned in section 1.2.2, a low cost and high efficiency LIB recycling 
process has been developed in our group. This “mixed cathodes” process successfully 
avoids the battery-sorting step, and the molar ratio of metal elements can be flexibly 
adjusted for further synthesis needs. The objective of this thesis project is to continue 
the previously developed process and utilize the leaching solution to synthesize high 
quality precursors and cathodes (Figure 8), followed by studying the effect of the 
impurity element copper to the properties of cathode material.  
 
 
Figure 8. The schematic diagram of a “closed loop” LIB recovery process. 
 
   The following four chapters will discuss the research results of: a) Development 
of a high efficiency and low cost “mixed cathodes” LIB recovery process, the 
recycling steps includes mechanical treatment and acid leaching will be discussed. 
Over 90% of the valuable metal elements will attempted to be recovered, and the 
leaching solution will be proved to be qualified for next step synthesis; b) Synthesis 
of high performance LiNi1/3Mn1/3Co1/3O2 precursor and cathode from the leaching 
solution of a LIB recovery process. Uniform and spherical precursor particles will be 
synthesized via co precipitation and solid state synthesis. Specific rate capacity test 
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and cycle life test will be taken to evaluate the electrochemical properties; c) 
Synthesis of other high performance LiNixMnyCozO2 cathodes with different molar 
ratios of Ni:Mn:Co from the leaching solution of a LIB recovery process, the products 
types will be extending to LiNi0.5Mn0.3Co0.2O2 and LiNi0.6Mn0.2Co0.2O2, and 
electrochemical tests will be carried on for all these products. d) Impurity study - the 
effect of copper element to the crystal and electrochemical properties of 
LiNi1/3Mn1/3Co1/3O2. XRD refinement will be utilized to analyze the crystal structure 
change of the materials, and the electrochemical properties of pure and 
impurity-included products will be compared and analyzed. The synthesis process, 
characterizations results, and structure information of LiNixMnyCozO2 cathode 
materials will be discussed in details.  
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2! A “CLOSED LOOP” PROCESS FOR RECYCLING SPENT LITHIUM 
ION BATTERIES 
(Eric Gratz, Qina Sa, Diran Apelian, Yan Wang, Journal of Power Sources, 2014, 262, 
255-262) 
 
Abstract 
As LIBs products keeps increasing their market share, recycling Li-ion batteries 
will become mandatory due to limited resources in the future. We have previously 
demonstrated a new low temperature methodology to separate and synthesize cathode 
materials from mixed cathode materials [1]. In this study we take used LIBs from a 
recycling source and recover active cathode materials, copper, steel, etc. To 
accomplish these objectives, the batteries are shredded and processed to separate the 
steel, copper and cathode materials; the cathode materials are then leached into 
solution; the concentrations of nickel, manganese and cobalt ions are adjusted so 
diverse NixMnyCoz(OH)2 products can be precipitated in the next step. The 
precipitated product can then be reacted with lithium carbonate to form 
LiNixMnyCozO2. The results show that the developed recycling process is practical 
with high recovery efficiencies (w90%), and economic analysis of recycling1 ton of 
Li-ion batteries was made and shows to have the potential to generate $5013 profit 
margin based on the market prices [2].  
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2.1! Introduction 
In chapter 1, we discussed the worldwide demand and rapid growth of LIB 
products, which led us to recognize the potential issues of LIB wastes [3]. It has been 
well agreed that efficient LIB recycling processes are necessary from both economic 
and environment points of view. In a very long time, the recyclers only focus on metal 
elements of cobalt and nickel [4, 5, 6, 7]. However, it is important to be aware that 
as the market is becoming more and more diverse and only focus on recovering one or 
two elements will not be practical in the near future. Another difficulty of recycling 
LIBs is that cobalt, nickel and manganese are hard to separate from one another 
without using expensive organic solvents [8, 9, 10, 11].  
The proposed methodology addresses the issues above by offering a low cost 
“mixed cathodes” recycling process. In this study, the spent LIB recovery process 
starts from battery discharging of batteries to release the remaining capacity for safety 
considerations [12, 13]. Then the batteries will go through mechanical treatment and 
hydrometallurgical steps to separate and recover the target materials, metal elements 
can be recovered by precipitating out nickel, manganese and cobalt from the leaching 
solution as NixMnyCoz(OH)2 [14, 15], and this hydroxide can serve as the precursor to 
synthesize LiNixMnyCozO2 [16, 17, 18, 19, 20], which will be focus for next chapter, 
making the overall process a “closed loop”. Figure 9 shows the compositions of 
several LiNixMnyCozO2 compounds, all of which can be made by this process by 
adding the MSO4 (M=Ni, Mn and Co) to the leaching liquor to adjust the initial molar 
ratios. 
 
  27 
 
Figure 9. Composition of common Lithium ion nickel, manganese, cobalt cathode 
materials for LIBs. 
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2.2! Experimental 
The overall LIBs recovery process is showed in Figure 10. In this section, first of 
all the processing of 20g spent LIBs will be introduced, then the composition of 
collected cathode powder will be adjusted to simulate the LIB cathode market 
composition. In the end, the hydrometallurgical process will be introduced in detail.    
 
 
Figure 10. The overall LIBs recovery process developed at Worcester Polytechnic 
Institute. . 
 
2.2.1! Processing spent lithium ion batteries 
Step 1: Before LIBs was sent to shredder, the remaining capacity of the batteries 
must be discharged to avoid safety issues because of the flammable electrolyte [12]. 
18650 cells from laptop batteries and 6 cell phone batteries were discharged in a 
stainless steel container with stainless steel chips for 4 h, this is similar to the 
procedure proposed by Nan et al. [8]. After discharge, the voltages were measured 
with a voltmeter and all were below 2.0 V.  
Step 2: After discharging, the batteries were shredded by a Schutte Buffalo 
Hammer Mill (Laboratory Scale, Model-6-H). The hammer mill contains a screen 
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with 1⁄4 inches holes and was run at 2,000 rpm. After shredding, random 20 g samples 
were collected and used for the rest of the experiments.  
Step 3: A magnet was used to remove the steel casings in the 20 g sample. The 
magnet was passed 1 inch above thin layer of the shredded batteries several times 
until no more pieces were attracted to the magnet.  
Step 4: The remaining materials were exposed to 75 ml of 2 M NaOH to dissolve 
the anode current collectors (aluminium) according to the reaction: 2Al + NaOH = 
2NaAl(OH)4 + 3H2 (g). The reaction went for 2 hours.  
Step 5: The material was sieved with a 250 mm screen after drying at 60°C. The 
sub 250 mm fraction was composed primarily of cathode powders, carbon and a small 
amount of copper. 
Step 6: The larger than 250 mm pieces consists primarily of copper and the 
plastic separator. The copper, density 8.96 g cm-3, and plastic (polyethylene), density 
0.9 g cm-3 were separated by heavy media. The material was put into a solution of 
diiodomethane (Alfa Aesar) density 3.3 g cm-3 and the material was allowed to settle 
for 30 min. After 30 min the material on the surface of the diiodomethane was 
skimmed off and separated from the material on the bottom.  
2.2.2! Simulating commercial lithium ion battery cathodes market composition with 
added cathode powders 
All steps follow the procedure for the previous section. Except in step 5, 2.07 g 
of LiMn2O4, 2.73 g of LiNi1/3Mn1/3Co1/3O2 and 0.49 g LiFePO4 powders were added to 
the sub 250 mm fraction. These masses were chosen based on the composition of 
cathode powders present representative of the 2012 battery market.  
2.2.3! Hydrometallurgical recovery of metal values in cathode materials 
The sub 250 mm fraction from step 5 above and the light material from step 6 
were taken through the hydrometallurgical process. The plastics were included in the 
leaching solution because it was observed that some cathode material had attached to 
the plastic separator after shredding. Since the cathode powders leach into solution 
and the plastics do not, they were easily separated by filtration in the first step of the 
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hydrometallurgical process.  
Step 1: The powders and plastics were leached into solution using 60 ml of 4 M 
sulphuric acid and 10 ml of 50wt% hydrogen peroxide at 65-70°C. After allowing the 
solutions to react for 2 h, the solutions were diluted to 100 ml with DI water in a 100 
ml volumetric flask. The concentrations of Co, Ni, Mn, Li, Al, Fe and Cu present in 
solution were measured with AAS. Carbon and residual LiFeO4 did not dissolve into 
solution and were filtered out.  
    Step 2: The pH of the solution was increased to 6.47 by adding 2 M NaOH. The 
precipitate was filtered from solution, washed and dried. AAS was performed on the 
remaining solution. The rational for increasing the pH to 6.45-6.5 was to remove all 
the Fe, Al, and Cu impurities. Once the pH reached 6.45-6.5 the solutions were 
allowed to stir for 4 h, then the solutions were diluted to 250 ml with DI water in a 
250 ml volumetric flask.  
 
Table 4. pH versus concentration of desired elements. 
 
 
Because Fe, Al and Cu are present in Li-ion batteries and they leach into solution 
when exposed to 4 M H2SO4 with H2O2, and they are therefore common impurities in 
the recovered cathode materials, if steps are not taken to remove them from solution. 
Shown in Table 4 is the pH versus concentration in solution of the impurities Fe(OH)3, 
Al(OH)3 and Cu(OH)2 for ideal solutions; Ni(OH)2, Co(OH)2 and Mn(OH)2 are 
included to determine if it is possible to precipitate them out before the impurities are 
removed and reduce the recovery efficiency and the reactions shown below. This 
table ignores common ion effects. The reactions for precipitation of nickel, 
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manganese and cobalt hydroxide are shown in reactions (a), (b) and (c). If one of 
these reactions occur before NixMnyCoz(OH)2 is precipitated or before Fe(OH)3, 
Al(OH)3 or Cu(OH)2 is precipitated, then recycling efficiency will be reduced and 
impurity will be existed in the recovered precursors, which will significantly lower 
the value. The solubility constant for NixMnyCoz(OH)2 is unknown at this time.  
 
Ni2+ + 2NaOH = Ni(OH)2 + 2Na+ (a) 
Co2+ + 2NaOH = Co(OH)2 + 2Na+ (b) 
Mn2+ + 2NaOH = Mn(OH)2 + 2Na+ (c) 
 
Step 3: The concentration of Co, Ni, Mn, Li, Al, Fe and Cu in solution was 
measured with AAS. Then MnSO4 and NiSO4 were added to adjust the ratio of Co, Ni, 
and Mn to 1:1:1 due to the high concentration of Co. This ratio can be changed based 
on the target materials, which is one of the biggest advantages of our process.  
Step 4: The pH was increased to 11 to precipitate out Ni1/3Mn1/3Co1/3(OH)2. It was 
shown previously that at pH 11 the concentrations of CoSO4, NiSO4 and MnSO4 are 
less than 10-7 M.  
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2.3! Results and Discussion 
2.3.1! Testing copper impurity removal 
Copper, iron and aluminum are three possible impurities in the leaching solutions. 
Copper is from the current collector of anode, aluminum is from current collector of 
cathode. Iron is from the stainless steel case and/or LiFePO4. Due to the very low 
solubility constant, Al3+ and Fe3+ are easily removed by controlling the pH of the 
solution. However, Cu2+ is difficult to be completely eliminated since the high 
solubility constant. The concentrations of Co, Ni, Mn and Cu after adding their 
sulphates to water were measured as a function of pH shown in Table 5. The results 
show that even when copper is present in the initial solution there is at least 96% of 
Ni, Co and Mn remaining in solution at pH 6.5, while only 14.5ppm copper remained 
in solution. Thus this is a suitable method for recovering Co, Ni and Mn from spent 
Li-ion batteries while keeping the copper impurity concentration low.  
 
Table 5. Efficiency of recovery for Co, Ni, and Mn with and without Cu. 
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2.3.2! Processing of 20g of LIBs 
 
Part 1. Mechanical treatment 
Before the batteries were sent to shredder, they have to be discharged on a safe 
lower voltage that is below 2V. The spent LIBs were discharged in the iron chips or 
powers in a stainless steel container. The iron chips and the batteries should be 
covered with water to release the generated heat flow during discharging step (Figure 
11).  
Shredding is an important step in processing the batteries because the batteries 
must be processed into a workable form. This is the first step of mechanical treatment 
after the batteries were discharged. By using a hammer mill the batteries were 
processed into a workable size less than 1/4 inches dimensions, Figure 12. 
 
 
Figure 11. Schematic drawing of battery discharging system 
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Figure 12. Hammer milled LIBs with 1/4 inch screen spacing. 
 
A rare earth magnet was passed over the material in Figure 12. This removed 
4.77 g of material, and the material was primarily steel pieces on the order of 3 mm in 
diameter. These steel pieces contained non-ferrous attachments removed by hand and 
weighed to be 0.091 g. The removed material is shown in Figure 13. Of this 0.085 g 
was found to be cathode materials, this represents 1.7% of the total theoretical 
cathode materials present in 20 g of shredded batteries.   
2M NaOH solution was analyzed by AAS to determine if any cathode materials 
were removed during the exposure to the caustic solution. Aluminum was measured to 
be 9128 ppm, Fe, Cu, Co, Mn, and Ni were all below the detection limit of AAS. The 
mass of material remaining after reactions with the 2M NaOH was 13.58g. 
Then material was sieved in a 12 in diameter 250 mm screen. The mass of the 
sub 250 mm fraction was 3.79 g. The fraction with mass greater than 250 mm 
weighed 4.62 g. 
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Figure 13. Material separated from hammer milled batteries by magnet. 
 
The last step of mechanical treatment is density separation. The heavy fraction 
weighed 1.62 g and the light fraction weighed 3.01 g. The sunk materials are shown 
in Figure 13. The sunk fraction was leached into H2SO4 and H2O2, and the amount of 
cathode materials were measured. The cathode materials weighed 0.3 g representing 6% 
of the total theoretical cathode materials present in 20 g of shredded batteries.  
  
Part 2. Hydrometallurgical leaching 
The composition of the leached solution was measured with AAS before and 
after increasing the pH to 6.47, Table 6. After leaching, 4.58 g NiSO4.7H2O and 3.87 g 
MnSO4.H2O were added to the solution so that the Co:Ni:Mn atomic ratio was 1:1:1. 
The product was precipitated at pH 11. The mass of the recovered product was 9.5 g 
after drying in air at 75°C for 24 h. After grinding the product with a mortar and 
pestle, a 1.75 g sample was removed from the product and leached into the sulphuric 
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acid.  
 
Table 6. Impurity levels (ppm) in solution. 
 
 
The composition of the product solution after leaching is shown in Table 7. 
Additionally, it shows the impurity concentration of Fe, Al and Cu to be less than 50 
ppm. It is believed that LIB cathode materials need impurity concentrations less than 
100 ppm. The cathode materials are made by solid state reaction of 
Ni1/3Mn1/3Co1/3(OH)2 with Li2CO3, if both components have impurity levels less than 
50 ppm then the LiNi1/3Mn1/3Co1/3O2 product will have impurity levels less than 100 
ppm. Therefore, increasing the pH to 6.47 is sufficient to remove the impurities in 
order to produce precursors for LIBs. 
 
 
Table 7. Composition of hydroxide product. 
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2.3.3! Waste management 
The process produces liquid waste. The residual basic solution can be neutralized 
and disposed in a simple step. The amount of solution generated 3112 L ton-1 of Li-ion 
batteries recycled based on the ratios of acid and base used to battery materials used 
in this analysis. However, since the solution is non-toxic the basic solution can be 
neutralized and disposed. The amount of acid required to neutralize 3112 L of solution 
is less than $5 based on our calculation and therefore not included in the economic 
analysis section that follows. The solid wastes include carbon and plastic separators, 
which are not toxic and easy to dispose. The solid waste can be burned and generate 
heat.  
2.3.4! Economic analysis 
The economic analysis is based on the model of recycling 1 ton LIBs. The 
amount of cathode materials removed during magnetic separation represents 4.25 kg 
or 1.7% of 250 kg and 1.5 kg during density separation or 0.6% of 250 kg. The 
efficiency of getting cathode materials from the battery and into solution was 
measured to be 97.7% based on the amount of cathode material lost during magnetic 
and density separation. The efficiency of hydrometallurgical process is expected to be 
90%. Thus the total recovery efficiency of the cathode materials is expected to be 
88%. Therefore it is expected that 249.99 kg of steel will be recovered, 62 kg of 
copper, 220 kg of cathode materials and 121 kg of sodium aluminate based on the 
masses in 1 ton of Li-ion batteries (Figure 7). The value of the recovered products 
with these efficiencies is expected to be $6,432/ton (Table 8), with over 90% of the 
recovered value coming from the new cathode materials. The chemical cost to recycle 
the batteries is expected to be $1419/ton shown in Table 9. This results in a profit 
margin of $5,013. It is noted that we only consider the material balance. In the future, 
we will add the labor cost, equipment cost and energy cost in the economical analysis.  
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Table 8. Value of recovered materials. 
 
 
Table 9. Chemical cost of recycle LIBs. 
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2.4! Summary  
We have demonstrated the feasibility of recycling LIBs regardless of cathode 
chemistry via a low temperature hydrometallurgical process. The metal values were 
recovered with high efficiency and will be ready for being utilized as starting solution 
for synthesizing NixMnyCoz(OH)2, which was the target product of this process. The 
NixMnyCoz(OH)2 is the precursor for LiNixMnyCozO2. The purity of the precipitated 
Ni1/3Mn1/3Co1/3(OH)2 was high, with less than 50 ppm of Al, Cu and Fe impurities. It is 
important to have high purity so that the performance of the LiNi1/3Mn1/3Co1/3O2 is not 
compromised. The hydroxides synthesized here was used to determine the impurity 
level but was not the final product, better morphology samples will be introduced in 
the following chapters. The recovery efficiency of the valuable cathode metals, Ni, Co 
and Mn, was ~90%. scaling up the efficiencies measured by this process, resulted in a 
profit margin of $5013/ton between the value of materials recovered and the cost of 
materials to recycle.  
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3! SYNTHESIS OF LiNi1/3Mn1/3Co1/3O2 FROM LIB RECOVERY STREAMS 
(Qina Sa, Eric Gratz, Meinan He, Wenquan Lu, Diran Apelian, Yan Wang, 
Journal of Power Sources, 2015, 282, 140-145) 
 
Abstract 
In this work we present the high performance Ni1/3Mn1/3Co1/3(OH)2 precursor and 
LiNi1/3Mn1/3Co1/3O2 cathode material synthesized from leaching solution of a LIB 
recovery stream [1]. The precursor was synthesized from a typical co-precipitation 
process by carefully controlling the reaction parameters [2,3]. Electrochemical 
properties including rate capacity and cycle life were tested to evaluate the final 
product. The results show that the cathode material synthesized from spent LIB 
recovery stream is performing a discharge capacity of 158mAh/g at first cycle of 0.1C 
and 139mAh/g at first cycle of 0.5C cycle life test. After 100 and 200 cycles, still over 
80% and 65% of capacity is remained, respectively. The electrochemical tests have 
not only been conducted at WPI, but also conducted at Argonne National Laboratory 
independently. 
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3.1!  Introduction 
In previous chapter, the low cost and high efficiency LIB recovery process was 
described in details [4]. In the end of the hydrometallurgical step, leaching solution 
with random concentrations of Lithium, nickel, cobalt and manganese was obtained. 
In this work, we will continue our previous work, and utilize the produced leaching 
solution from the recovery stream to synthesize high performance LiNi1/3Mn1/3Co1/3O2, 
which is one of the most widely used cathode materials for LIBs (29% in 2012 world 
market), especially for EV industry.  
Before the synthesis process, the leaching solution was well examined to verify 
that all impurity elements were removed. The main impurity elements such as Cu and 
Al were from the current collectors of LIBs and Fe was from LiFePO4 cathode 
material and steel case. Ni1/3Mn1/3Co1/3(OH)2 precursor was synthesized via the typical 
co-precipitation process, which has been reported before [2, 3]. Freshly leached MSO4 
(M=Ni, Mn, Co) solution from spent LIB recovery process was utilized as starting 
solution for synthesizing Ni1/3Mn1/3Co1/3(OH)2 precursor, then such precursor was 
mixed with Li2CO3 to obtain the LiNi1/3Mn1/3Co1/3O2 cathode. Dense and spherical 
morphology remained in the synthesized LiNi1/3Mn1/3Co1/3O2, which also shows 
excellent rate performance and cycle life.  
The reason of setting LiNi1/3Mn1/3Co1/3O2 as target product is that in the end of 
leaching step, nickel, manganese and cobalt were the three transition metal elements 
remained in the solution. Because of the similar properties of these three metal 
elements, it is very difficult to separate them one by one. Also, it is well agreed that 
LiNi1/3Mn1/3Co1/3O2 is one of the most widely used cathode materials in LIB market. In 
this product, the molar ratio of Ni:Mn:Co=1:1:1, it has a good balance of energy 
density, cycle life and cost [5], and has nearly 30% of the LIB market [6].  
LiNi1/3Mn1/3Co1/3O2 was first reported in 2001, and it was synthesized via a solid 
state process, which is still the main synthesis procedure for this material [7, 8, 9]. 
The authors selected a model crystal of α- NaFeO2 structure with a space group of R 3
−
m, which is same with LiCoO2 but 2/3 of the cobalt was replaced by nickel and 
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manganese. The simulated structure was showed in Figure 14 [10]. It can be clearly 
seen that lithium ions located in the middle of MO2 (M=Ni, Mn, Co) layers. In the 
early reports, LiNi1/3Mn1/3Co1/3O2 was synthesized by a one-step solid state process 
[11], then the importance of Ni1/3Mn1/3Co1/3(OH)2 precursor was explored thoroughly. 
It has been well agreed that the morphology of LiNi1/3Mn1/3Co1/3O2 highly depends on 
that of Ni1/3Mn1/3Co1/3(OH)2 precursor [ 12 ]. The precursor particles usually 
synthesized via a typical co-precipitation process and the cathode material will be 
synthesized from the mixture of precursor and Li salt. 
 
 
 
Figure 14. A schematic illustration on the model crystal of LiNi1/3Mn1/3Co1/3O2. 
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3.2! Experiment 
3.2.1! Synthesis of LiNi1/3Mn1/3Co1/3O2 cathode materials using leaching solutions 
from LIB recovery process 
The leaching solution (containing Ni2+, Mn2+, Co2+) was obtained from a LIB 
recovery process that has been described in detail in a previous paper [4], in which the 
recovery efficiencies of nickel, cobalt and manganese elements are over 90%. The 
recovery process consists of mechanical treatment of spent LIBs, magnetic separation 
of steel, sieving, density separation, chemical leaching of valuable powders, and 
removal of impurity elements at particular pH values. The leaching agent is a mixture 
of H2SO4 and H2O2, so the valences of Ni, Mn and Co elements can be reduced to 2+. 
The molarity of Li, Ni, Mn, Co, Fe, Al, and Cu elements in purified leaching solution 
was tested by inductive coupled plasma optical emission spectrometry (ICP-OES), in 
which the concentration of Cu, Al and Fe ions were below 50 ppm, indicating that the 
purity of leaching solution is qualified for serving as the starting material of 
synthesizing the Ni1/3Mn1/3Co1/3(OH)2 precursors. The leaching solution was stored in 
N2 atmosphere to prevent the Mn2+ from being oxidized. By adding MSO4 (M=Ni, Mn, 
Co) into the solution, the molar ratio of Ni:Mn:Co was adjusted to 1:1:1, and the 
molarity was confirmed by ICP-OES again. It should be noted that we can easily 
adjust the ratio of Ni, Mn, Co at this step and to synthesize other types of 
NixMnyCoz(OH)2. From the NixMnyCoz(OH)2 material, corresponding LiNixMnyCozO2 
cathodes can be synthesized based on the industrial needs. 
Ni1/3Co1/3Co1/3(OH)2 precursor was synthesized via a co-precipitation process 
involving NaOH and NH3·H2O (Figure 15). In the experiment, around 200ml of 1M 
NH3·H2O was first put into the reactor and heated up to 60°C. Then 5M NH3·H2O and 
2M MSO4 solution was pumped in at the adding rates of 10ml/h and 30ml/h, 
respectively. 5M NaOH will be automatically added into the reactor throughout the 
reaction by pH controller and peristaltic pump to stabilize the reaction at a desired pH. 
The feeding time of MSO4 and NH3·H2O was 2 hours, and then the reaction would be 
continued for another 24hrs. Overhead stirrer was utilized and the stirring speed was 
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500 rpm. The synthesized precursor was filtered and washed till the pH of filtering 
solution is 7, followed by drying at room temperature to prevent it from being 
oxidized quickly. After the XRD data was collected, it was dried in oven at 110°C 
overnight. 
 
 
Figure 15. Schematic of a laboratory set up for a co precipitation experiment for 
Ni1/3Co1/3Co1/3(OH)2 synthesis. 
 
To synthesize the LiNi1/3Mn1/3Co1/3O2 cathode, Ni1/3Co1/3Co1/3(OH)2 precursor was 
thoroughly mixed with Li2CO3 by mortar and pestle. The amount of Li was 3 atom% 
extra. The mixture was heated to 900°C in air for 12hrs. Both the heating rate and 
cooling rate were 2°C /min. 
3.2.2! Battery assembling and electrochemical property test with synthesized 
LiNi1/3Mn1/3Co1/3O2 cathode 
The LIB electrode was made from the mixture of 10wt% polyvinylidene 
fluorides (PVDF) binder, 10wt% conductive additive C65, and 80wt% synthesized 
LiNi1/3Mn1/3Co1/3O2 cathode material. The mixture was made into slurry then casted 
onto aluminum foil smoothly. The electrode was dried in the oven overnight at 60°C. 
After the electrode was completely dried, a piece of 1/4 inch diameter electrode was 
punched from the whole electrode and pressed to 50 µm thick, the loading mass is 
0.005g/cm2. The electrochemical properties were tested via assembling swagelok cells 
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in Argon gas filled glove box. The electrolyte was 1M LiPF6 dissolved in 
EC+DMC+DEC (1:1:1 in volume). Lithium metal was served as the anode during the 
electrochemical test. All tests were conducted at room temperature. ! !
3.2.3! Characterizations 
    ICP-OES (Perkin Elmer Optical Emission Spectrometer, Optima 8000) was 
utilized to measure the concentrations of all the metallic elements in solution. X-ray 
diffraction (XRD) pattern was obtained from diffractometer (PANalytical Empyrean 
Series 2 X-ray Diffraction System, with chromium Ka radiation, Cr target) by 
scanning the powder with a 2θ range of 20°- 150° at a step size of 0.008° and 
scanning step time 20s. The operation voltage and current of XRD machine were 
30kV and 55mA, respectively. Rietveld refinements were performed by HighScore 
Plus program. The particle size and morphology were observed by scanning electron 
microscope (SEM) (JEOL JSM-7000F electron microscope). The electrochemical 
performance was examined using Bio-logic SAS electrochemical tester (Model 
VMP3). The rate capacities including C/10, C/5, C/3, C/2, C, 2C was tested. The cell 
was charge and discharged at 0.1C for three cycles before running 0.5C cycle test. 
The cut off voltage was 4.3V for charging and 2.7V for discharging. 1C rate was set 
as 160mAh/g. 
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3.3! Results and Discussions 
3.3.1! Molar ratio adjustment of Ni:Mn:Co in leaching solution 
In order to avoid battery-sorting step, the recovery process should be suitable to 
start from random amount and combination of LIBs, allowing the whole process to be 
scaled up. Since our recycling process starts from such a random composition of 
batteries, the concentration of each element will not be predictable and needs to be 
confirmed by ICP-OES. Also, to obtain high quality NMC precursors, the molar ratio 
of Ni:Mn:Co in the MSO4 (M=Ni, Mn, Co) solution should be close to 1:1:1. It should 
be noted that Mn2+ plays an important role on synthesizing single phase spherical 
Ni1/3Mn1/3Co1/3(OH)2 particles. Once Mn2+ is oxidized to Mn3+, it will cause the 
formation of other phases and affect the co-precipitation reaction [13]. Therefore after 
the leaching solution is obtained, it is necessary to bubble the solution with N2 for 
15mins and then seal the container carefully to prevent Mn2+ from being oxidized.  
 
Table 10. Concentrations of metallic elements in leaching solution before (Concentration-1) 
and after (Concentration-2) molarity adjustment. 
 
 
    Table 10 is an example of the concentration of each element in freshly leached 
solution from our recovery process. In this case, other impurity elements such as Fe, 
Al, Cu are well removed and below 50 ppm in the solution during LIB recovery 
process. 200ml of freshly leaching solution was collected from the leaching stream. 
The molarities of metallic elements were detected by ICP test. Then desired amount 
of CoSO4·7H2O, NiSO4·6H2O and MnSO4·H2O were added into the leaching solution 
to obtain 1:1:1 molar ratio of Ni:Mn:Co, followed by diluting the solution to 250ml. 
The molar ratio of these three elements was 1.03:1:0.97 which was confirmed by ICP 
again in the end. Also, the molar ratio of Ni: Mn: Co in synthesized precursor was 
examined, and found to be exactly the same as in the starting solution. Adjustment of 
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the molar ratio and concentrations of different metal elements is simple and easy, so 
the final products of such LIB recovery process can be variety, e.g., 
LiNi0.5Co0.2Mn0.3O2, LiNi0.4Mn0.4Co0.2O2, etc., indicating that the recovery process is 
relatively flexible. Lithium ions from spent LIBs will stay in the solution from 
beginning of leaching step to the end of co-precipitation process, and will be collected 
in the filtering solutions after washing the precursors. Lithium elements will not be 
precipitated out during the co-precipitation process because the pH of the solution is 
not suitable for lithium recovery. Lithium element will be recovered in other manners 
that will be discussed in our later papers. 
3.3.2! The morphologies and crystal structures of synthesized Ni1/3Mn1/3Co1/3(OH)2 
precursor and Ni1/3Mn1/3Co1/3(OH)2 cathode 
The co-precipitation process of precursor synthesis was carried out in N2 
atmosphere, and the molar amount of Ni, Mn, and Co was even, so the color of 
synthesized Ni1/3Mn1/3Co1/3(OH)2 was light pink. After drying in an oven at elevated 
temperature, it turned to dark brown. If the material is dried at room temperature, the 
color is between dark yellow and dark brown. Dahn’s group studied the oxidation of 
the pink-color precursor by drying the powder at different temperature and analyzed 
the XRD and TGA results, demonstrated that the powder heated at 140°C over night 
is the mixture of hydroxide and oxyhydroxide phases [2]. The scanning electron 
micrograph figures of synthesized NMC precursor were shown in Figure 16. It can be 
clearly observed that the precursor particles have a quite uniform particle size and 
they are dense and nearly spherical. The average particle size is 8-10µm. The detailed 
morphology is shown in higher magnification (Figure 16-d), the crystal grows to a 
thin and sharp feature, and such feature outcomes a slim shape in the 
LiNi1/3Mn1/3Co1/3O2 primary particles after sintering with Li2CO3. It should be noted 
that the precursor was co-precipitated out from the leaching stream of the LIB 
recovery process, so a small amount of lithium element does exist in the precipitated 
product. According to the ICP result of the elements composition of the hydroxide 
precursor, the atomic percentage of lithium was less than o.4% of any other metal 
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elements. So the effect of lithium element at co–precipitation step will not be further 
discussed here.  
 
  
(a) (b) 
  
(c) (d) 
Figure 16. SEM figures of synthesized precursor particles using recovery stream at 
different magnifications (a) x200, (b) x1,000, (c) x3,500, (d) x23,000. 
 
Figure 17 is the comparison of XRD patterns of synthesized Ni1/3Mn1/3Co1/3(OH)2 
and literature results [2]. From the XRD pattern we can observe that the peaks are 
clear and well separated, indicating one phase Ni1/3Mn1/3Co1/3(OH)2 was obtained. The 
peaks are not as clean as those in the upper right figure, this is because during dried in 
room temperature the precursor powder was a slightly oxidized. This oxidization will 
not affect the following solid-state synthesis part because when the temperature is 
raising from room temperature to sintering temperature, it will be oxidized anyway.  
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Figure 17. XRD patterns of synthesized Ni1/3Mn1/3Co1/3(OH)2 and literature result (upper 
right).  
 
Figure 18 and Table 11 are showing the XRD refinement results of synthesized 
and calculated pattern of LiNi1/3Mn1/3Co1/3O2. The XRD peaks are quite clear and 
sharp with a clean background, and show a α- NaFeO2 structure with a space group of 
R 3
−
m, the peak (006) and (012), (018) and (110) separated distinctly, indicating a well 
crystalized and high pure product was obtained. The refinement shows a good fit 
between calculated and synthesized NMC patterns. The parameters obtained from 
refinement are shown in Table 2. The ratio of c and a is c/a = 4.98, showing that a 
good layered structure was formed in the compound. The scale of factor (s) value is 
1.23 which is below 1.5, indicating the goodness of fitting.  
 
Table 11. XRD refinement result of LiNi1/3Mn1/3Co1/3O2. 
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Figure 18. XRD refinement pattern of synthesized LiNi1/3Mn1/3Co1/3O2. 
 
According to our experiment results, the spherical shape can remain in the 
synthesized cathode if the precursor is dense enough. The cathode was obtained by 
sintering the mixture of Li2CO3 and precursor at 900°C with a heating and cooling 
rate of 2°C /min, 12 hours. It could be revealed from the SEM figures (Figure 20) that 
LiNi1/3Mn1/3Co1/3O2 was well crystallized, dense, and spherical morphology were 
remained. The slim cubic primary particles (0.5-1 µm) could be clearly observed at 
higher magnification (Figure 20-d). The primary particle shape was completely 
changed from precursor to the cathode after sintering with Li2CO3. But the spherical 
shape was remained in secondary cathode particles.  
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Figure 19. Cycle life results comparison of LiNi1/3Mn1/3Co1/3O2 (NMC) synthesized with 
different amounts of lithium. 
      
When mixing Li2CO3 and Ni1/3Mn1/3Co1/3(OH)2 precursor to synthesize 
LiNi1/3Mn1/3Co1/3O2, the molar amount of Li2CO3 is very critical. Technically, lithium 
molar should be slightly extra to make up the loss of lithium during sintering. 
Electrochemical performances of LiNi1/3Mn1/3Co1/3O2 synthesized with 3% extra Li 
and 5% extra lithium were compared and showed in Figure 19. According to the test 
results, NMC cathode synthesized with 3% extra Li shows better performance, so the 
lithium amount was decided to be 3% extra in this step.  
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(a) (b) 
  
(c) (d) 
Figure 20. SEM figures of synthesized cathode particles using recovery stream at 
different magnifications (a) x200, (b) x1,000, (c) x3,500, (d) x23,000. 
!
3.3.3! The electrochemical performance of synthesized LiNi1/3Mn1/3Co1/3O2 cathode 
The charge and discharge capacity curves at different C rates are shown in Figure 
21. For the cathode material synthesized by the process described in experimental part, 
it reached a charge capacity of 178mAh/g and discharge capacity of 158mAh/g in first 
cycle at 0.1C. The coulombic efficiency for the first cycle is 89%. The discharge 
capacities are 155mAh/g, 149mAh/g, 142mAh/g and 127mAh/g at C/2, C/3, C/5 and 
1C, respectively. At higher C rates of 2C, the discharge capacity is still performing at 
an acceptable rate of 114mAh/g, indicating a stable layered structure was formed to 
accommodate higher rate of lithium ions intercalation and deintercalation activities.   
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Figure 21. Specific rate capacities of synthesized LiNi1/3Mn1/3Co1/3O2. 
 
The cycle life test was carried on at 0.5C for over 200 cycles. 95% cycles of 
coulombic efficiency maintains a good performance of >98%. After 50 cycles, the 
discharge capacity is 120mAh/g that over 85% of the capacity is still remained. After 
100 cycles, the capacity retention is still over 80%and 65% of the capacity is 
remained after 200 cycles (Figure 22). Compared to synthesized LiNi1/3Mn1/3Co1/3O2 
with fresh materials, in which the 0.1C discharge capacity is around 160mAh/g 
(3.0V-4.3V), our synthesized LiNi1/3Mn1/3Co1/3O2 from recycling stream is similar 
with other published result [14], indicating that the cathode materials synthesized by 
recovered leaching solution can definitely achieve relatively high quality.  
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Figure 22. Cycle life test results of synthesized LiNi1/3Mn1/3Co1/3O2. 
 
3.3.4! Independent testing of synthesized LiNi1/3Mn1/3Co1/3O2 cathode at Argonne 
National Laboratory (ANL) 
The material was sent to Argonne National Lab for independent testing to 
confirm the electrochemical performance again. The rate capacities of C/10, C/5, C/3, 
C/2, C and 2C were examined (Figure 23), and the first cycle of different rate 
discharge capacities are 150mAh/g, 148mAh/g, 145mAh/g, 139mAh/g, 132mAh/g 
and 125mAh/g, respectively. The discharge capacities at C/5, C/3, C/2, C and 2C are 
slightly higher than the results obtained from WPI. At C/10, the capacity retention 
was 90%. According to cycle life test result (Figure 24), the capacity retention after 50 
cycles and 100 cycles were 95% and 88%, respectively. The cycle life retention is 
better than the test result in WPI, probably because of the better electrode 
manufacturing process in ANL. 
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Figure 23. Specific rate capacities of synthesized LiNi1/3Mn1/3Co1/3O2 tested by ANL. 
 
 
Figure 24. Cycle life results of synthesized LiNi1/3Mn1/3Co1/3O2 tested by ANL. 
 
    The synthesized LiNi1/3Mn1/3Co1/3O2 cathode material was tested with graphite 
anode (provided by ANL) together to evaluate its electrochemical performance in a 
full cell. The cycle life performance of the full cell is showed in Figure 25, it can be 
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observed that the capacity retention is very good and the coloumbic efficiency is 
excellent. Compared to the full cell test result reported in the literature [15], our 
cathode material synthesized from recovered leaching solution has very competitive 
electrochemical properties. It can be confirmed that the cathode materials synthesized 
from LIB recovery stream can achieve as high quality as the cathode materials 
synthesized from commercial chemicals.  
 
 
Figure 25. Cycle life performance of synthesized LiNi1/3Mn1/3Co1/3O2 in a full cell 
(anode: graphite, cutoff voltage: 2.7V-4.3V) 
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3.4! Summary 
LiNi1/3Mn1/3Co1/3O2 was set as the first target material to be synthesized using the 
purified leaching solution of the LIB recovery process. The leaching solution with 
valuable metal elements was utilized to synthesize LiNi1/3Mn1/3Co1/3O2. The results 
show that the cathode synthesized from recycled materials has similar quality with 
that synthesized from commercial chemicals, confirming the purity level of the 
leaching solution and the valences of nickel, manganese and cobalt are suitable to 
serve as the starting material for cathode synthesis.  
In this chapter, the synthesis details were introduced. The product qualities of 
precursor and cathode materials were examined by SEM, XRD and electrochemical 
test. From the SEM figures, it can be clearly observed that the morphology of 
precursor particles is spherical and uniform. And such spherical and uniform 
morphology was remained in the synthesized cathode. Such cathode material shows a 
promising electrochemical property. Compared to the electrochemical test result 
reported in the literatures, the electrochemical test result of this product is acceptable. 
In the next chapter, LiNixMnyCozO2 cathode materials with other molar ratio of 
Ni:Mn:Co will be introduced. 
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4! SYNTHESIS OF LiNi0.5Mn0.3Co0.2O2 AND LiNi0.6Mn0.2Co0.2O2 CATHODE 
MATERIALS USING LEACHING SOLUTION FROM A LITHIUM ION 
BATTERY RECOVERY STREAM 
(Qina Sa, Eric Gratz, Joseph Heelan, Jessica Ma, Diran Apelian, Yan Wang, 
Submitted to Journal of Sustainable Metallurgy) 
 
Abstract 
In chapter 2, we introduced the details of a novel LIB recovery process, and 
LiNi1/3Mn1/3Co1/3O2 cathode material was targeted as first product and synthesized by 
the leaching solution from the recovery stream. In this work we continued the 
synthesis work and obtained high performance Ni0.5Mn0.3Co0.2(OH)2, 
Ni0.6Mn0.2Co0.2(OH)2 precursors and LiNi0.5Mn0.3Co0.2O2, LiNi0.6Mn0.2Co0.2O2 cathode 
materials. Similar with LiNi1/3Mn1/3Co1/3O2, the precursors and cathodes were 
synthesized from co-precipitation process and solid-state sintering process, 
respectively. Electrochemical tests results show that all cathode materials synthesized 
from spent LIB recovery stream can perform a discharge capacity of higher than 
155mAh/g at first cycle of 0.1C, and after 100 cycles at 0.5C, over 80% of capacity is 
still remained. 
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4.1! Introduction 
In previous chapter, we discussed the synthesis procedure and product quality of 
LiNi1/3Mn1/3Co1/3O2 [1]. In this chapter, we will utilize the produced leaching solution 
from the recovery stream [2] to synthesize diverse LiNixMnyCozO2 cathodes. As 
mentioned previously, the LIB recovery process is highlighted as “mixed cathodes”, 
“concentrations flexibly controlled”, so the outcome products can be any transition 
metal molar ratio LiNixMnyCozO2 to meet the various needs of the cathode market. 
The targeting materials in this chapter are LiNi0.5Mn0.3Co0.2O2 and LiNi0.6Mn0.2Co0.2O2. 
Compared to LiNi1/3Mn1/3Co1/3O2, these two cathode materials have higher amount of 
nickel. It is well known that higher nickel content contributes to higher capacities, 
while high cobalt and manganese content improves the cycling and safety 
characteristics [3].    
The molarities of transition metal elements in the leaching solution were adjusted 
to 5:3:2 and 6:2:2 to obtain Ni0.5Mn0.3Co0.2(OH)2, Ni0.6Mn0.2Co0.2(OH)2 and their 
corresponding cathode materials. The overall process is similar with that of 
Ni1/3Mn1/3Co1/3(OH)2 precursor and LiNi1/3Mn1/3Co1/3O2 cathode. First of all, the 
leaching solution was well examined by ICP-OES to confirm that all impurity 
elements were below 50ppm. The main impurity elements Cu and Al were from the 
current collectors of anode and cathode of LIBs, and Fe was from LiFePO4 cathode 
material and steel case. NixMnyCoz(OH)2 precursors were synthesized via the typical 
co-precipitation process [4], then such precursors were mixed with Li2CO3 to obtain 
the corresponding LiNixMnyCozO2 cathodes. Uniform and nearly spherical 
morphologies were observed in all the synthesized LiNixMnyCozO2 cathodes, which 
are also performing excellent rate performance and cycle life results. 
After different transition metal molar ratio materials were obtained, their 
morphology and synthesis processes were compared and analyzed. Theoretically, the 
perfect spherical morphology can be achieved for any molar ratio product. In the case 
discussed in this chapter, LiNi1/3Mn1/3Co1/3O2 shows the most smooth spherical 
morphology, the other two cathodes show nearly spherical but not so perfect 
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morphology, probably due to the synthesis process parameters for them are derived 
from those of LiNi1/3Mn1/3Co1/3O2, and their synthesis parameters need to be optimized 
in the future work.   
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4.2! Experiment  
Synthesis of LiNixMnyCozO2 cathode materials using leaching solutions from 
LIB recovery process 
4.2.1!     Depends on different molar ratios of Ni:Mn:Co in different target cathode 
materials, desired amount of MSO4 (M=Ni, Mn, Co) will be added into the 
solution to achieve the molarity ratios such as 5:3:2, 6:2:2, and the molarity 
will be confirmed by ICP-OES again. Once the NixMnyCoz(OH)2 material is 
obtained, corresponding LiNixMnyCozO2 cathodes will be synthesized. 
    NixCoyCoz(OH)2 precursors were synthesized via a co-precipitation process 
involving NaOH and NH3·H2O solutions [4]. In the experiment, around 200ml of 1M 
NH3·H2O was first put into the reactor and heated up to 60°C. Then 5M NH3·H2O and 
2M MSO4 solutions were pumped in at the adding rates of 10ml/h and 30ml/h, 
respectively. 5M NaOH will be automatically added into the reactor throughout the 
reaction by pH controller and peristaltic pump to stabilize the reaction at a desired pH 
values. The feeding time of MSO4 and NH3·H2O was 2h, and then the reaction would 
be continued for another 24h. Overhead stirrer was utilized and the stirring speed was 
500 rpm. The synthesized precursor was filtered and washed till the pH of filtering 
solution turned to 7, then it was dried in oven at 110°C overnight. 
    To synthesize LiNixMnyCozO2 cathodes, NixCoyCoz(OH)2 precursor was 
thoroughly mixed with Li2CO3 by mortar and pestle. The amount of Li was 8 atom% 
extra for LiNi0.5Mn0.3Co0.2O2 and 10 atom% extra for LiNi0.6Mn0.2Co0.2O2. For 
LiNi0.5Mn0.3Co0.2O2 and LiNi0.6Mn0.2Co0.2O2, the mixture was heated to 850°C, and 
800°C. respectively. All of them were heated in air for 12h and both the heating rate 
and cooling rate were 2°C /min. 
4.2.2! Battery assembling and electrochemical property tests with synthesized 
LiNixMnyCozO2 cathodes 
The LIB electrodes were prepared from the mixture of 10wt% polyvinylidene 
fluorides (PVDF) binder, 10wt% conductive additive C65, and 80wt% synthesized 
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LiNixMnyCozO2 cathode materials. The mixtures were turned into slurry then casted 
onto aluminum foil current collectors. The electrode was dried in the oven overnight 
at 60°C. After the electrode was completely dried, a piece of 1/4 inch diameter 
electrode was punched off from the whole piece of electrode and pressed to 50 µm 
thick, the loading mass is 5mg/cm2. The electrochemical properties were tested with 
Swagelok cells assembled in Argon gas filled glove box. The electrolyte was 1M 
LiPF6 dissolved in EC+DMC+DEC (1:1:1 in volume). Lithium metal was served as 
the anode during the electrochemical test. All tests were conducted at room 
temperature.  
4.2.3! Characterizations 
    ICP-OES (Perkin Elmer Optical Emission Spectrometer, Optima 8000) was 
utilized to measure the concentrations of all the metallic elements in solution. X-ray 
diffraction (XRD) pattern was obtained from diffractometer (PANalytical Empyrean 
Series 2 X-ray Diffraction System, with chromium Ka radiation, Cr target) by 
scanning the powder with a 2θ range of 20°- 120° at a step size of 0.008° and 
scanning step time 20s. The operation voltage and current of XRD machine were 
30kV and 55mA, respectively. HighScore Plus program was utilized to perform 
Rietveld refinements. The particle size and morphology were observed by scanning 
electron microscope (SEM) (JEOL JSM-7000F electron microscope). The 
electrochemical performance was examined using Arbin electrochemical tester. The 
rate performance including C/10, C/5, C/3, C/2, C, 2C was tested. The cell was 
charged and discharged at 0.1C for three cycles before running 0.5C cycle test. The 
cut off voltage was 4.3V for charging and 2.7V for discharging. 1C rate was 
calculated as 160mAh/g. 
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4.3! Results and discussion 
4.3.1! Molar ratio adjustment of Ni:Mn:Co in leaching solution 
To simplify the spent LIB treatment steps and allow this recovery process to be 
scaled up, the whole process started from a mixture of spent LIBs with random 
composition without any sorting work done, which means the concentration of each 
element is not predictable and needs to be confirmed by ICP-OES. Also, to obtain 
different kinds of NMC precursors, the molar ratio of Ni:Mn:Co in the MSO4 (M=Ni, 
Mn, Co) solution should be close to 5:3:2 and 6:2:2, corresponding to the products of 
Ni0.5Mn0.3Co0.2(OH)2 and Ni0.6Mn0.2Co0.2(OH)2. It should be always noted that Mn2+ 
plays an important role on synthesizing spherical shape NixMnyCoz(OH)2 particles. 
Once Mn2+ is oxidized to Mn3+, it will prevent the particles from forming spherical 
shape and affect the co-precipitation reaction [5]. Therefore after the leaching solution 
is obtained, bubbling the solution with N2 for 15mins is necessary, and then the 
solution container should be sealed carefully to prevent Mn2+ from being oxidized.  
 
Table 12. Molar concentrations adjustments in the leaching solutions 
 
 
Table 12 shows the concentration of each element in freshly leached solution 
from our recovery process as well as the concentration after molarity adjustment step. 
In this case, since other impurity elements such as Fe, Al, Cu are well removed and 
below 50 ppm in the solution, so they were not included in this table. First of all, three 
batches of 200ml freshly leaching solutions were collected from the leaching stream 
after the recovery process was done. The molarities of metallic elements were 
detected by ICP-OES test (concentration-1). Then calculated amount of CoSO4·7H2O, 
NiSO4·6H2O and MnSO4·H2O were added into the leaching solution to obtain  5:3:2 
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(concentration-3) and 6:2:2 (concentration-4) molar ratios of Ni:Mn:Co, followed by 
diluting the solution to 250ml. The molar ratio of these three elements was 
5.04:3:1.96 and 5.98:2:2.01, which were confirmed by ICP-OES. The molar ratios of 
Ni: Mn: Co in every synthesized precursors were tested again, and found to be exactly 
same as in the starting solutions. It should be noted that lithium ions from spent LIBs 
will exist in the solution from beginning of leaching step to the end of co-precipitation 
process, and will be remained in the filtering solutions after washing the precipitations 
by DI water. Lithium elements cannot be precipitated out during the co-precipitation 
process because the pH and temperature of the solution is not suitable for lithium 
recovery. Lithium element will be recovered in our future work that will be discussed 
in later papers. 
4.3.2! LiNi0.5Mn0.3Co0.2O2 cathode 
    Compared to LiNi1/3Mn1/3Co1/3O2, there is more Ni in the LiNi0.5Mn0.3Co0.2O2 
compound. Also, during the co-precipitation reaction of Ni0.5Mn0.3Co0.2(OH)2, the pH 
value is slightly higher than that of Ni1/3Mn1/3Co1/3(OH)2 because of higher amount of 
Ni [6].  
 
Figure 26. Specific rate capacities of LiNi10.5Mn0.3Co0.2O2. 
The electrochemical test results of LiNi0.5Mn0.3Co0.2O2 cathode are shown in 
Figure 26. Similar to LiNi1/3Mn1/3Co1/3O2, C/10, C/5, C/3, C/2, C and 2C rate capacity 
test were carried on. The capacity reversibility was examined by cycling the battery at 
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0.5C for 100 cycles. The synthesized LiNi0.5Mn0.3Co0.2O2 from recycled material 
performs good rate capacities of 156mAh/g, 148mAh/g, 139mAh/g, 134mAh/g, 
119mAh/g and 108mAh/g at C/10, C/5, C/3, C/2, C and 2C, respectively. After 100 
cycles at 0.5C, over 87% capacity is still remained (Figure 27).  
 
 
Figure 27. Cycle life test results and coulombic efficiency of LiNi0.5Mn0.3Co0.2O2. 
 
4.3.3! LiNi0.6Mn0.2Co0.2O2 cathode 
    After LiNi1/3Mn1/3Co1/3O2 and LiNi0.5Mn0.3Co0.2O2 were synthesized, the molar 
percentage of Ni element was raised again to obtain LiNi0.6Mn0.2Co0.2O2 cathode. For 
the sintering process, the Ni0.6Mn0.2Co0.2(OH)2 precursor mixed with Li2CO3 at 800°C, 
which is the lowest sintering temperature among the three products because of the 
highest amount of Ni element.  
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Figure 28. Specific rate capacities of LiNi10.6Mn0.2Co0.2O2. 
The specific rate capacity and capacity retention evaluation results for 
LiNi0.6Mn0.2Co0.2O2 are shown in Figure 28. At C/10, an acceptable discharge capacity 
of 158mAh/g was obtained. And 152mAh/g, 146mAh/g, 141mAh/g, 130mAh/g and 
113mAh/g discharge capacity was achieved at C/5, C/3, C/2, C and 2C. 
LiNi0.6Mn0.2Co0.2O2 also performs good capacity reversibility. After 100 cycles of 
being charged and discharged at 0.5C, 85% of original capacity is still remained 
(Figure 29).  
  
 
Figure 29. Cycle life test results and coulombic efficiency of LiNi0.6Mn0.2Co0.2O2. 
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4.3.4! Comparison and discussion of three precursors and cathode products 
    As the molar ratio of Ni increases, the properties of different precursors and 
cathode materials change. The first difference that can be clearly observed is the color 
of freshly synthesized precursors. Ni1/3Mn1/3Co1/3(OH)2 is light pink color, 
Ni0.5Mn0.3Co0.2(OH)2 and Ni0.6Mn0.2Co0.2(OH)2 are light green. Since cobalt element 
contributes to the pink color, nickel element contributes to the green/blue color, and 
LiNi0.5Mn0.3Co0.2O2 has less Co and more Ni, so the color is light green. When the 
precursors are dried at elevated temperature, they will be oxidized easily and the color 
will change to yellow then dark brown and black in the end.  
 
  
(a) (b) 
  
(c) (d) 
Figure 30. SEM figure of (a), (b) Ni0.5Mn0.3Co0.2(OH)2 and (c), (d) LiNi0.5Mn0.3Co0.2O2. 
 
Figure 30 shows the scanning electron micrograph figures of synthesized 
Ni0.5Mn0.3Co0.2(OH)2 precursors and LiNi0.5Mn0.3Co0.2O2 cathodes. Figure 31 shows the 
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scanning electron micrograph figures of synthesized Ni0.6Mn0.2Co0.2(OH)2 precursors 
and LiNi0.6Mn0.2Co0.2O2 cathodes. The morphologies of Ni1/3Mn1/3Co1/3(OH)2 precursor 
and LiNi1/3Mn1/3Co1/3O2 cathode, which have been discussed in detail in previous 
chapter, are showed in Figure 32. The morphologies of LiNixMnyCozO2 are highly 
determined by the NixMnyCoz(OH)2 morphologies. LiNi1/3Mn1/3Co1/3O2 particles is 
performing the better spherical shapes compared to LiNi0.5Mn0.3Co0.2O2 and 
LiNi0.6Mn0.2Co0.2O2 because of the better spherical shape of its corresponding 
precursor Ni1/3Mn1/3Co1/3(OH)2. 
 
  
(a) (b) 
  
(c) (d) 
Figure 31. SEM figure of (a), (b) Ni0.6Mn0.2Co0.2(OH)2 and (c), (d) LiNi0.6Mn0.2Co0.2O2. 
The precursor particles have a quite uniform particle size of 8-10µm and they are 
nearly spherical, among which Ni1/3Mn1/3Co1/3(OH)2 and LiNi1/3Mn1/3Co1/3O2 have the 
most smooth spherical shapes. In the precursor particles, the crystal forms a thin and 
sharp feature, and such morphology leads to a long and slim cylindrical shape in the 
  73 
LiNixMnyCozO2 primary particles after sintering with Li2CO3. It could be observed 
from the SEM figures that the cathode particles are dense and well crystallized, and 
the spherical shapes are remained from precursors. When Ni amount is raised to 50% 
and 60%, the spherical shape in the precursors does not look as smooth as the product 
with even Ni: Mn: Co molar ratios. This is probably due to same reaction parameters 
(except pH value) were used for the precursors with different metal molar ratios, e.g., 
during the co-precipitation processes of Ni0.5Mn0.3Co0.2(OH)2 and Ni0.6Mn0.2Co0.2(OH)2 
precursors, the feeding rates ratios of MSO4/ammonia water are same with that of 
Ni1/3Mn1/3Co1/3(OH)2 precipitation. To achieve better morphologies, the feeding rates 
could be adjusted as the Ni:Mn:Co molar ratio changes in the MSO4 solution because 
the morphologies of the co-precipitated products are highly affected by the feeding 
rate ratio of MSO4/ammonia water [7]. Also, in Ni1/3Mn1/3Co1/3(OH)2, the three metal 
elements are evenly distributed and tend to produce perfect spherical shape. 
To allow the particles grow to desired particle sizes for the three precursors, the 
co-precipitation pH values of the synthesis processes were adjusted. It has been 
reported that in Ni(OH)2 precipitation process, the particles grows at a pH of 11.4 or 
less, when involving Mn and Co, there will be a requirement of lower pH value for 
the solution [4]. As the molar ratio of Ni is decreasing and the Mn and Co elements 
amount are increasing, the pH values should be decreased. Ni appears to be 
coordinated with ammonia at the pH of 4-12, whereas Mn and Co coordinates at 6-10 
[4]. When comes to the combination of Ni, Mn and Co elements together, the 
coordinating situation is very complicating. In our experiments, the co-precipitation 
pH for Ni1/3Mn1/3Co1/3(OH)2 is 10, and for Ni0.5Mn0.3Co0.2(OH)2 and 
Ni0.6Mn0.2Co0.2(OH)2 the pH values are 10.2 and 11, respectively. And the precursor 
particles grow to 8-10µm. 
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(a) (b) 
  
(c) (d) 
Figure 32. SEM figure of (a), (b) Ni1/3Mn1/3Co1/3(OH)2 and (c), (d) LiNi1/3Mn1/3Co1/3O2. 
 
 
Table 13. XRD refinement results of LiNixMnyCozO2 cathodes 
 
 
 XRD refinement results of LiNi1/3Mn1/3Co1/3O2, LiNi0.5Mn0.3Co0.2O2 and 
LiNi0.6Mn0.2Co0.2O2 are shown in Figure 33, Figure 34, Figure 35 and Table 13. The 
XRD peaks look clear and sharp with a clean background in all three patterns, and 
  75 
show a α- NaFeO2 structure with a space group of R 3
−
m, the peak (006) and (012), 
(018) and (110) separated distinctly, indicating the products are well crystalized and 
pure. The refinement shows a good fit between calculated and synthesized NMC 
patterns. The parameters obtained from refinement are shown in Table 13. The ratio of 
c and a are: c/a = 4.98, 4.96 and 4.95, showing that a good layered structure was 
formed in the compound. The scale factor (s) values are all below or around 2, 
indicating the fitting is good.  
 
 
Figure 33. XRD refinement patterns of the LiNi1/3Mn1/3Co1/3O2. 
 
The electrochemical test results shows that LiNi1/3Mn1/3Co1/3O2, 
LiNi0.5Mn0.3Co0.2O2 and LiNi0.6Mn0.2Co0.2O2 are performing excellent specific rate 
capacities. All the three synthesized cathode materials are showing good capacity 
retention. Compared to LiNi1/3Mn1/3Co1/3O2 and LiNi0.5Mn0.3Co0.2O2, 
LiNi0.6Mn0.2Co0.2O2 has slightly higher rate capacities due to the higher amount of Ni 
element in the cathode. The electrochemical test result indicates that the cathodes 
synthesized by recycled materials can perform acceptable capacities compared to 
those synthesized by commercial raw materials [6, 8, 9].  
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Figure 34. XRD refinement patterns of the LiNi0.5Mn0.3Co0.2O2. 
 
 
Figure 35. XRD refinement patterns of the LiNi0.6Mn0.2Co0.2O2. 
 
   Same with the process of Ni1/3Mn1/3Co1/3(OH)2 synthesis process, it should be 
noted that when the precursors were precipitated out from the leaching stream of the 
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LIB recovery process, a small amount of lithium element does exist in the precipitated 
product. According to the ICP-OES result of the elements composition of the 
hydroxide precursor, the atomic percentage of lithium was within an acceptable level 
of lower than 0.4% of any other metal elements. So the effect of lithium element at 
co–precipitation step will not be further discussed. 
 
 
  
  78 
4.4! Summary 
In our previously reported LIB recovery process, the molar ratio of Ni:Mn:Co 
can be controlled in a simple and flexible manner during the recovery process. In this 
work we present and compare all the cathode products synthesized from the leaching 
solution - LiNi1/3Mn1/3Co1/3O2, LiNi0.5Mn0.3Co0.2O2 and LiNi0.6Mn0.2Co0.2O2, allowing 
the overall process to be a “closed loop”, raising the possibility of scaling up and 
commercializing the battery recovery process. All the synthesized cathode particles 
show a uniform and spherical morphology. Most importantly, the electrochemical 
properties of presented LiNixMnyCozO2 synthesized by recycled materials are 
acceptable compared to those synthesized from pure commercial product. 
The products presented in this chapter and previous chapter were all the 
precursors and cathode materials synthesized by the recovered stream. The molar 
ratios of Ni:Mn:Co are 1:1:1, 5:3:2 and 6:2:2. In the future, LiNixMnyCozO2 cathode 
materials with other transition metal molar ratios will be attempted, such as 
LiNi0.8Mn0.1Co0.1O2 and LiNi0.4Mn0.4Co0.2O2.  
  
  79 
 
 
                                               
References 
 
[1] Sa, Q., Gratz, E., He, M., Lu, W., Apelian, D., & Wang, Y. (2015). Synthesis of 
high performance LiNi1/3Mn1/3Co1/3O2 from lithium ion battery recovery stream. 
Journal of Power Sources, 282, 140–145.  
 
[2] Gratz, E., Sa, Q., Apelian, D., & Wang, Y. (2014). A closed loop process for 
recycling spent lithium ion batteries. Journal of Power Sources, 262, 255–262. 
[3] Wu, L. J.; Nam, K. W.; Wang, X. J.; Zhou, Y. N.; Zheng, J. C.; Yang, X. Q.; Zhu, 
Y. M. Structural Origin of Overcharge-Induced Thermal Instability of Ni-Containing 
Layered-Cathodes for High- Energy-Density Lithium Batteries. Chem. Mater. 2011, 
23, 3953−3960.  
[4] van Bommel, A., & Dahn, J. R. (2009). Synthesis of Spherical and Dense Particles 
of the Pure Hydroxide Phase Ni1/3Mn1/3Co1/3(OH)2. Journal of the Electrochemical 
Society. 156(5), A362-A365. 
 
[5] Zhao, X., Zhou, F., & Dahn, J. R. (2008). Phases Formed in Al-Doped Ni[sub 
1/3]Mn[sub 1/3]Co[sub 1/3](OH)[sub 2] Prepared by Coprecipitation: Formation of 
Layered Double Hydroxide. Journal of the Electrochemical Society, 155(9), A642–6.  
 
[6] Bommel, A., Dahn, J., Analysis of the Growth Mechanism of Coprecipitated 
Spherical and Dense Nickel, Manganese and Cobalt-Containing Hydroxides in the 
Presence of Aqueous Ammonia, Contained Chem. Mater., 21 (2009) 1500–1503. 
[7] Noh, M., & Cho, J. (2013). Optimized Synthetic Conditions of 
LiNi0.5Co0.2Mn0.3O2 Cathode Materials for High Rate Lithium Batteries via 
Co-Precipitation Method. Journal of the Electrochemical Society, 160(1), A105–
A111.  
[8] Cao, H., Zhang, Y., Zhang, J., & Xia, B. (2005). Synthesis and electrochemical 
characteristics of layered LiNiCoMnO cathode material for lithium ion batteries. Solid 
State Ionics, 176(13-14), 1207–1211.  
 
[9] Fey, G. T.-K., Chang, C.-S., & Kumar, T. P. (2010). Synthesis and surface 
treatment of LiNi1/3Co1/3Mn1/3O2 cathode materials for Li-ion batteries. Journal of 
Solid State Electrochemistry, 14(1), 17–26.  
 
  80 
 
5! COPPER IMPURITY EFFECT ON LiNi1/3Mn1/3Co1/3O2 CATHODE 
MATERIAL  
(Qina Sa, Joseph A. Heelan, Yuan Lu, Diran Apelian, Yan Wang, ACS Applied 
Materials & Interfaces, Accepted) 
 
Abstract 
The crystal structure and electrochemical properties of LiNi1/3Mn1/3Co1/3O2 
(NMC) synthesized from a lithium ion battery recovery stream have been studied 
previously. In this report, we study the Cu impurity effects on NMC in detail. The 
difference in crystal structures and electrochemical properties were examined for pure 
and copper impurity included products. Scanning Electron Microscope (SEM) figures 
show that the precursor particles of NMC are slightly bigger than that of NMC with 
copper impurity. After undergoing 150 cycles at 2C, X-Ray Diffraction (XRD) 
refinements results show that the lattice parameters for impurity containing NMC and 
pure NMC change to different extents. Furthermore, due to the minor change of 
lattice parameters, copper containing NMC offers a more stable capacity retention 
compared to pure NMC. 
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5.1! Introduction  
A low cost and high efficiency lithium ion battery recovery process has been 
proposed and introduced in detail [1, 2], in which the recovery efficiencies of nickel, 
cobalt, and manganese metal values are over 90%. A solution containing leached 
cathode powders from a recycled battery stream was utilized to synthesize NMC [3]. 
Since the cathode material was synthesized from the leaching solution of a lithium ion 
battery recovery stream, possible impurity elements such as copper, aluminum and 
iron do exist. The source of the copper is the copper current collector of the anode, 
whereas the source of the aluminum is the copper current collector cathode. Iron 
comes from the battery’s steel case and/or LiFePO4. Due to the very low solubility 
constant, Al3+ and Fe3+ are easily removed by controlling the pH of the solution. 
However, Cu2+ is difficult to completely eliminate due to its higher solubility constant. 
Ni2+, Mn2+ and Co2+ could also precipitate when the pH is high enough, which will 
lower the recovery efficiency of these three valuable metal elements. Therefore, it is 
critical to understand how the presence of copper might affect the crystal structure 
and electrochemical performance of NMC. 
It has been reported that element doping is one of the efficient ways to improve 
the electrochemical properties of cathode materials [4, 55, 6]. But there is no report of 
copper doping of NMC. The objective of this research work was to examine how 
copper impurity would affect the electrochemical properties of cathode. After 
performing experiments, it was found that the addition of copper lowers the specific 
rate performance but improves the cycle life of NMC. At the beginning of cycle life 
test, the capacity of pure NMC is higher than that of NMC with copper. However, the 
capacity retention of NMC with copper is better than that of pure NMC over time and 
will have a better overall capacity after 150 cycles are completed.  
    In this work, pure NMC and NMC with controlled copper amount were 
synthesized via co-precipitation process [7-10] and solid-state synthesis process 
[11-13]. Once the precursors and cathodes were obtained, SEM, XRD and 
electrochemical tests were conducted to examine how the presence of copper affected 
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the materials’ properties and performance using pure NMC as a baseline comparison. 
It was found that copper element does affect the particle size of co-precipitated 
precursors. The particle size of copper included precursor is smaller than that of pure 
NMC precursor. Also, the electrochemical test results of cathode materials show that 
the NMC with copper impurity performs lower specific rate capacities, but reveals 
better capacity retention during cycling test.   
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5.2! Experiment  
5.2.1! Synthesis of NMC cathode materials 
    Before synthesizing NMC cathode materials with and without copper impurity, 
Ni1/3Co1/3Co1/3(OH)2 precursors with and without copper impurity were synthesized 
first. The synthesis details are as follows. The hydroxides were obtained via a 
co-precipitation process involving NaOH and NH3·H2O solutions. In the experiment, 
1000 ml of 1M NH3·H2O was first put into the reactor and heated up to 60°C. Then 
5M NH3·H2O and 2M MSO4 (M: Co, Mn, Ni) solutions were pumped into the reactor 
at adding rates of 10ml/h and 30ml/h, respectively. 5M NaOH was automatically 
added into the reactor throughout the reaction by a pH controlled peristaltic pump to 
stabilize the reaction at a desired pH. The feeding time of MSO4 and NH3·H2O was 
10hrs. After MSO4 addition, the material was stirred in solution for an additional 24 
hrs. An overhead stirrer was utilized and the stirring speed was 750 rpm. The 
synthesized precursors were filtered and washed until the pH of filtering solution 
reduced to 7, then it was dried in oven at 110°C overnight. When synthesizing the 
precursor with copper impurity, desired amounts of CuSO4 were added to the MSO4 
solution prior to the co-precipitation process and the experiment was repeated.  
    To synthesize the LiNi1/3Mn1/3Co1/3O2 cathodes, Ni1/3Co1/3Co1/3(OH)2 precursors 
was thoroughly mixed with Li2CO3 by mortar and pestle. The mixture was heated to 
900°C for 12 hrs. The material was heated in air for 12hrs and both the heating rate 
and cooling rate were 2°C /min. 
5.2.2! Battery assembling and electrochemical property tests with synthesized 
LiNi1/3Mn1/3Co1/3O2 cathodes 
The lithium ion battery electrode was prepared from the mixture of 10wt% 
polyvinylidene fluorides (PVDF) binder, 10wt% conductive additive C65, and 80wt% 
synthesized LiNi1/3Mn1/3Co1/3O2 cathode materials. The mixed slurry was then cast 
onto an aluminum foil current collector. The electrode was dried in the oven overnight 
at 60°C. After the electrode was completely dried, a piece of 1/4 inch diameter 
electrode was punched out of the electrode sheet and pressed to a thickness of 50 µm; 
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the loading mass was 5mg/cm2. The electrochemical properties were tested by 
assembling Swagelok cells in an Argon gas filled glove box. The electrolyte was 1M 
LiPF6 dissolved in ethylene carbonate, dimethyl carbonate and diethyl carbonate 
(EC+DMC+DEC, 1:1:1 in volume). Lithium metal served as the anode during the 
electrochemical test. All tests were conducted at room temperature.  
5.2.3! Characterizations 
Inductive Coupled Plasma- optical emission spectrometry (ICP-OES) (Perkin 
Elmer Optical Emission Spectrometer, Optima 8000) was utilized to measure the 
concentrations of all the metallic elements in solution. X-ray diffraction (XRD) 
pattern was obtained from diffractometer (PANalytical Empyrean Series 2 X-ray 
Diffraction System, with chromium Ka radiation, Cr target) by scanning the powder 
with a 2θ range of 20°- 120° at a step size of 0.008° and scanning step time 20s. The 
operation voltage and current of XRD machine were 30kV and 55mA, respectively. 
HighScore Plus program was utilized to perform Rietveld refinements. The particle 
size and morphology were observed by scanning electron microscopy (SEM) (JEOL 
JSM-7000F electron microscope). The electrochemical performance was examined 
using an Arbin electrochemical tester. The rate capacities for electrochemical testing 
included C/10, C/5, C/3, C/2, C, 2C and 4C. 2C cycle life tests were performed to 
examine the capacity retention performance of different cathode materials. The cut off 
voltage was 4.3V for charging and 2.7V for discharging. 1C rate was calculated as 
160mAh/g. Cyclic voltammetry (CV) scan of 2.5V to 4.8V was taken at 0.1mV for 2 
cycles. 
 
  
  85 
5.3! Results and Discussions 
5.3.1! ICP-OES characterization of NMC cathode materials 
    Three samples with different amount of copper impurities (0 at.%, 2.5 at.%, 5 at.%) were 
synthesized and compared. The objective was to examine how the copper impurity affects the 
NMC cathode properties. To confirm copper element is present in the synthesized cathode 
materials, 0.05 g of each sample was leached using 20 ml leaching reagent and sent to 
ICP-OES test. Table 14 is showing the metal elements concentrations of Ni, Mn, Co and Cu 
in the cathode materials. The ICP-OES results show that the copper element does exist in the 
resulting product. The atomic percent of copper relative to the other transition metals were 2.3 
at.% and 4.6 at.% in the two synthesized samples. These numbers are slightly lower than the 
expected 2.5% and 5%, but considering errors from the synthesis process and ICP-OES 
equipment, the resulting data is acceptable. ICP-OES results only provide the information 
about the existence of copper, whether the copper impurity is locating inside or outside the 
crystal structure of NMC cathode is still unsure. This will be discussed again in Section 3.3 
according to the XRD data. 
 
Table 14. Metal element molarities and molar ratios 
 
 
5.3.2! Particle morphologies of co precipitation products with and without copper 
impurity 
Figure 36 shows particle size difference of Ni1/3Mn1/3Co1/3(OH)2 with 0 at.%, 2.5 
at.% and 5 at.% copper impurity and their corresponding cathodes. In the 
co-precipitation process, the existence of copper affects the particle size of the 
precursor. Although the synthesis condition is the same, Ni1/3Mn1/3Co1/3(OH)2 with 
copper impurity shows a relatively smaller particle size which is 5-8 µm, compared to 
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a 10-15 µm particle size in the pure Ni1/3Mn1/3Co1/3(OH)2. The particle size and 
morphologies remained from precursors to cathodes. The reaction equilibrium of 
co-precipitation is determined by many factors such as temperature, feeding rates, pH 
values, etc. Ni and Co can form [M(NH3)n]2+, when Mn is involved, the three together 
form [Ni1/3Mn1/3Co1/3(NH3)n]2+ [16]. The addition of Cu can make the system even 
more complicated. The particle growth mechanism of co-precipitation reaction is that 
[M(NH3)n]3+ / M(OH)2 (M=Ni, Mn and Co) reaches equilibrium at certain pH (pH=10 
in this work) by controlling the feeding rates of MSO4 solution, NaOH, and ammonia 
water. Then M2+ will be slowly precipitated out from [M(NH3)n]3+ and convert to 
M(OH)2, allowing the M(OH)2 nuclei grow to bigger size particles [16]. When Cu 
impurity exists in the system, Cu(OH)2 has the lowest solubility value compared to 
the hydroxide phase of the other three [15] and this will affect the reaction 
equilibrium of the [M(NH3)n]3+ / M(OH)2 (M=Ni, Mn and Co) complex thus 
preventing the particle growth of Co, Ni and Mn hydroxides. 
 
    
(a) (b) (c) 
   
(d) (e) (f) 
Figure 36. SEM micrographs of precursor and cathodes synthesized with and without copper 
impurity. (a) Ni1/3Mn1/3Co1/3(OH)2 with 0% Cu, (b) Ni1/3Mn1/3Co1/3(OH)2 with 2.5% Cu, and (c) 
Ni1/3Mn1/3Co1/3(OH)2 with 5% Cu, (d) NMC with 0% Cu, (e) NMC with 2.5% Cu, (f) NMC with 5% 
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Cu. 
 
5.3.3! Crystal structure analysis of NMC cathodes 
    Figure 37 shows the refinement patterns of the 6 samples: NMC with 0 at.%, 2.5 at.% 
and 5 at.% Cu before (Figure 37-a) and after (Figure 37-b) 2C cycling. No impurity peaks 
related to copper compounds were identified, which indicates copper element doesn't change 
the crystal structure of NMC. There are several reports about metal doping of cathode 
materials, in which they demonstrated that the dopant replaced the transition metals in the 
crystal structure [4-6]. Since the location of the copper element is very close to nickel, cobalt 
and manganese in periodic tables, it has similar chemical properties with Ni, Mn and Co. 
Therefore, it is highly possible that the copper impurity occupied some of the transition metal 
sites. However, the exact location of Cu in the crystal structure is still unclear.  
    Table 15 shows the XRD refinement results. All crystal structures have a c/a 
ratio greater than 4.97. The I(003)/I(104) is higher than 1.7. The pattern shows that 
clear splitting of the (006) and (012) peaks indicating the appropriate layered structure 
had formed. For pure NMC, parameter c increases 0.6% after cycling, and c values of 
NMC with 2.5 at.% and 5 at.% Cu increases 0.1% and 0.4%, respectively. The lattice 
parameter c represents the distance of the layered structure, and this layered structure 
relates to the amount of lithium ions between the two layers of MO2- [14]. The 
absence of lithium ions leads to the two negative charged oxides layers losing the 
bonding connection, as two layers with negative charges will repel each other. During 
the delithiation-lithiation process between 2.7V to 4.3V, transition metals, such as Co 
and Ni, are oxidized to M4+. Mn4+ is electrochemically inactive but contributing to the 
layered structure stability [17]. So the question would be, what is the activity of Cu in 
the crystal structure? If a small amount of electrochemical inactive Mn4+ sites were 
occupied by Cu2+ or Cu+, Cu ions can be oxidized to Cu2+ or reduced to Cu+. This 
causes the Cu element to be active for electrochemical reactions and contributes to 
capacity retention improvement. Therefore, in this case, as the capacity is fading in 
pure NMC, the Cu2+/Cu+ ions in NMC with Cu impurity can still be active for reacting 
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with Li ions. So after cycling, there are less lithium ions remained in the layer 
structures of pure NMC compared to Cu contained-NMC, causing parameter c to 
increase in pure NMC and the capacity retention to drop. The CV scan results provide 
more information for the discussion of Cu activity as can be seen in the following 
section. 
 
  
(a) (b) 
Figure 37. (a) XRD refinement patterns of NMC with different amount of copper before cycling test, 
(b) XRD refinement patterns of NMC with different amount of copper after cycling test. 
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Table 16. Lattice parameters of synthesized cathode materials 
 
 
5.3.4! Electrochemical characterizations  
    Rate capacity test results are shown in Figure 38. At C/10, pure NMC has a 
discharge capacity of 161mAh/g, and NMC with Cu impurities shows lower specific 
discharge capacities. As the amount of Cu increases, the discharge capacities of NMC 
decreases. This decreasing pattern of discharge capacities is also apparent at other C 
rates. These results indicate that Cu element as an impurity to NMC cathode material, 
doesn’t change the crystal structure significantly from one phase to another, because 
the XRD patterns of three samples look similar, but it does result in some defects in 
the layered structure. So the layer structures of NMC with impurity will not be as 
good as that of pure NMC, and the specific rate performance of NMCs with impurity 
is lower. The first cycle charge and discharge curves are shown Figure 39. The first 
cycle efficiency for pure NMC cathode, 2.5 at% NMC cathode, and 5 at% NMC 
cathode are 87%, 84%, and 82% respectively. 
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Figure 38. Specific rate capacity test results of NMC with 0 at.%, 2.5 at.% and 5 at.% Cu. 
 
 
 
(a) 
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(b) 
 
(c) 
 
Figure 39. First cycle charge and discharge curves of NMC with different amount copper 
impurity. 
Capacity retention tests were performed by cycling the cells at 2C (Figure 40). 
At the beginning, pure NMC offers better capacity performance. It achieves a 
discharge capacity of 100mAh/g discharge capacity at 2C. However, the overall 
capacity retention of NMC with Cu impurities is better than that of the pure product. 
In addition, the capacity retention of NMC with 2.5% Cu is slightly better than that 
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with 5% Cu. These results agree well with the previously discussed parameter c 
change conclusion. The capacity retention of pure NMC drops faster, indicating lower 
amounts of lithium ions moving back to layer structure of cathode materials.   
 
 
Figure 40. Capacity retention results of NMC with 0 at.%, 2.5 at.% and 5 at.% copper 
(2C, 2.7V-4.3V). 
In order to examine the reactivity of NMC and NMC with Cu impurities, CV 
scans between 2.5V-4.8V were conducted (Figure 41). The scan rate was 0.1mV/s. 
From the peaks at 3.75V, it can be clearly observed that as the Cu amount increases, 
the peak becomes sharper and narrower. This is because NMC with Cu impurities 
have smaller particle sizes and larger contact area with the electrolyte, so the reaction 
is more active. However, the peak area becomes smaller as the Cu amount increases, 
agreeing with the lower specific discharge capacity result of NMC with Cu impurity. 
Another noticeable difference between these three CV curves is that, at around 4.6V, 
there is a significant peak in the pure NMC scan result. But the peak is not as 
identifiable in NMC with 2.5 at.% and 5 at.% Cu. It has been previously reported that 
Mn element is responsible for this peak [12]. In the NMC cathode materials with 
higher amounts of Cu impurities, this peak is very weak and almost disappears. This 
result supports the argument that in NMC with Cu impurity, the Cu occupies some 
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Mn sites or inhibits the electrochemical reaction of Mn element.  
 
 
(a) 
 
(b) 
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(c) 
Figure 41. CV scan results of NMC with different amount copper impurity. 
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5.4! Summary 
In this chapter, NMC cathode materials with and without coper impurities were 
synthesized via a co-precipitation and solid state synthesis process. Crystal structure 
changes of NMC and NMC with impurities after electrochemical test were analyzed 
and discussed. The lattice parameters of synthesized pure NMC have a more 
significant change of c values, corresponding to the lower capacity retention. NMC 
cathodes with Cu impurities have a better capacity retention and smaller c value 
variation. Although the exact locations/activities of copper in the crystal structure is 
still not 100% clear, CV scan provide some evidence of Cu element reacting with Mn 
or occupying Mn sites in the NMC crystal structure. The initial capacity of material 
containing copper is slightly lower because of defect caused by the Cu impurity. 
However, it was revealed that the existence of a small atomic percent of copper helps 
stabilize the capacity retention. Future work will include Cu element activities in 
NMC crystal structure during charge-discharge process. In addition, the Cu effect to 
NMC cathode charges and discharges process at higher C rates or wider voltage 
ranges will be investigated. 
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6! RESEARCH CONCLUSIONS AND FUTURE WORK 
In this thesis project, following conclusions are drawn corresponding to the 
research objectives presented in Chapter 1.  
First of all, a low cost and high efficiency recycling process was developed to 
recover the metal values in spent LIBs. This recovery procedure consists of 
mechanical treatment of batteries and hydrometallurgical leaching of cathode powder, 
featuring recovering the metal values regardless of the cathode material types, 
allowing it to be a “mixed cathodes” process. In the mechanical treatment part, the 
discharged spent LIBs were shredded in to pieces, and different components were 
separated by density separation, ending with collecting the most valuable part of 
batteries – cathode powders, for hydrometallurgical treatment. The cathode powders 
were leached by H2SO4 and H2O2, by adjusting the pH of the leaching solution to 3, 
iron element can be completely removed; when the pH was adjusted to 6.47, copper 
impurity can be decreased to below 50ppm. The purified leaching solution is qualified 
for serving as starting material for precursor synthesis. In the end of LIB recycling 
process, Ni, Mn and Co can be successfully recovered with 90% recovery efficiency.  
Secondly, diverse high performance LiNixMnyCozO2 cathode materials were 
synthesized from the recovered leaching solution. After the leaching solution was 
obtained from the LIB recovery process, Ni1/3Mn1/3Co1/3(OH)2, Ni0.5Mn0.3Co0.2(OH)2, 
Ni0.6Mn0.2Co0.2(OH)2 were synthesized by co-precipitation process. The produced 
precursor particles show a uniform and spherical morphology. The hydroxides 
precursors were mixed with Li2CO3 and their corresponding cathodes materials were 
synthesized by solid state sintering. The morphology of cathode material is highly 
depending on that of precursor, so the spherical and uniform shape was remained in 
the cathode particles. Specific rate capacities of C/10, C/5, C/3, C/2, C and 2C were 
tested, followed by 0.5C cycle life test. All the cathode materials are performing a 
good electrochemical performance with high rate capacities and long cycle life. At 
C/10, no less than 155mAh/g discharge capacity was achieved, which is acceptable 
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compared to commercial product. After 100 times charge and discharge cycle test, the 
capacity retention is higher than 80%, indicating the good structure stability of the 
synthesized cathode materials. The cathode materials have been independently 
evaluated at Argonne National Laboratory. 
In the end, copper impurity effect to the properties of LiNi1/3Mn1/3Co1/3O2 
was studied by adding desired amount of copper impurity into the starting material to 
synthesize copper including LiNi1/3Mn1/3Co1/3O2. The crystal structures and 
electrochemical properties of pure LiNi1/3Mn1/3Co1/3O2 (NMC) and LiNi1/3Mn1/3Co1/3O2 
with Cu impurity were compared. The XRD refinements result shows that before and 
after 150 times charge/discharge cycling, the lattice parameters of NMC experienced 
a significant change, while that of NMC-Cu only experienced a minor change. The 
minor change of lattice parameters represents a more stable layered structure of 
NMC-Cu than NMC. This is also confirmed by the cycle life test results in which it 
was showed that NMC-Cu has a significantly better capacity retention property 
compared to NMC.  
In the LIB recovery process, mechanical treatment and hydrometallurgical 
method were utilized to separate different components and leach the valuable cathode 
materials. In the cathode materials synthesis and impurity study part, co-precipitation 
process was utilized to obtain spherical particles, solid state sintering method was 
used to synthesize cathode powers. And electrochemical tests were involved to 
identify the rate performance and capacity retentions. Scanning Electrons 
Spectroscopy was the tool of observing the particle morphologies, X-Ray Diffraction 
scan and refinements were taken for analyze the crystal information. Various 
methodologies, tools, theories were combined together to finish this project.  
 The developed LIB recovery process is high efficiency and low cost, but still 
need fine-tuning. In the future work, following problems will be covered:  
(a) Recovery of lithium element is very important. According to the electric 
vehicles market expanding and the growing demand of LIBs, concerns have been 
expressed that known lithium reserves could only meet world demand to 2050. 
Research has been done in our group to recover lithium and currently we can recover 
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about 70% of the lithium element. In the leaching solution of our LIB recycling 
process, lithium, nickel, cobalt, and manganese were recovered in the solution, but 
lithium element was not involved in the co-precipitation process because the reaction 
parameters such as concentration, pH and temperature are not suitable for lithium 
precipitation. When washing the precipitated hydroxides, the lithium ions will be 
recovered again in the filtered solution. The work of lithium recovery will be reported 
in the near future.   
(b) The synthesized cathode materials are high quality and have uniform 
morphologies, but the tap density of them still needs improvement to meet industry 
standards. This property can be improved by adjusting the stirring speed, stirring type, 
and feeding time during co-precipitation process.  
(c) Copper impurity effect to LiNi1/3Mn1/3Co1/3O2 cathode material was studied, 
but some of the questions still need to be answered, e.g., where exactly the copper 
ions are located in the lattice frame and what their activities for providing a more 
stable layered structure. Besides copper impurity, aluminum and iron impurities will 
be studied in the future. Aluminum is from the cathode current collectors, iron is from 
the battery casings and LiFePO4 cathode material.      
(d) This LIBs recovery process is developed aiming to be commercialized in the 
future. The experiments procedures described in this thesis were in laboratory scales. 
Currently scaling up the whole process has been attempted with 1 kg spent LIBs in 
our group. After this scale-up experiment, about 280g of high quality hydroxide 
precursor was successfully obtained. In the future, scale-up experiments of 10 kg, 100 
kg experiments will be carried on.  
 
 
  
  101 
APPENDICES 
 
Selected Journal Papers: 
 
1.! Sa, Q.; Wang, Y. (2012). Ni Foam as the Current Collectors for High Capacity 
Si-C Composite Electrode. J. Power Sources, 208, 46-51.  
 
2.! Sa, Q.; Gratz, E.; He, M.; Lu, W.; Apelian, D.; Wang, Y. (2015). Synthesis of 
High Performance LiNi1/3Mn1/3Co1/3O2 from Lithium Ion Battery Recovery 
Stream. J. Power Sources, 282, 140–145. 
 
3.! Sa, Q.; Heelan, J.; Lu, Y.; Apelian, D.; Wang, Y. (2015). Cu Impurity Effect on 
LiNi1/3Mn1/3Co1/3O2 Cathode Material, ACS Appl. Mater. Interfaces, accepted.  
 
4.! Sa, Q.; Gratz, E.; Heelan J.; Ma, S.; Apelian, D.; Wang, Y. (2015). Journal of 
Sustainable Metallurgy, submitted.  
 
5.! Wang, W., Sa, Q., Chen, J., Wang, Y., Jung, H., Yin, Y. (2013). Porous 
TiO2/C Nanocomposite Shells as a High-Performance Anode Material for 
Lithium-Ion Batteries, ACS Appl. Mater. Interfaces, 5(14), 6478-6483. 
 
6.! He, M., Sa, Q., Liu, G., Wang, Y. (2013). Caramel Popcorn Shaped Silicon 
Particle with Carbon Coating as a High Performance Anode Material for 
Li-Ion Batteries, ACS Appl. Mater. Interfaces, 5(21), 11152-11158. 
 
7.! Gratz, E., Sa, Q., Apelian, D., Wang, Y. (2014). A Closed Loop Process for 
Recycling Spent Lithium Ion Batteries, J. Power Sources, 262, 255-262. 
 
8.! Heelan, J., Gratz, E., Sa, Q., Apelian, D., Wang, Y. (2015) Recovery of 
Lithium Carbonate from a Recycled Lithium-Ion Battery Source, J. Power 
Sources, submitted.   
 
 
 
 
